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LIST OF SYMBOLS

Al First double amplitude for damping evaluation
A2 Second double amplitude for damping evaluation

c, Viscous damping coefficient of generic équipment A
Eps  Energy dissipated per cycle at displacement amplitude 8

'F;  Forceat the displacement amplitude &

Slip force of bus slidgr |

Yield force |

k, Lateral stiffness of geneﬁc equipment A

K, Elastic restoring stiffness of bus slider

Elastic stiffness

m,  Mass of generic equipment A

n; Number of cycles to be performed in load step j

p Number of intermediate cycles between double amplitudes
Q Yield force
x,4 (1) Relative displacement at the top of generic equipment A

xm(¢) Relative velocity at the top of generic equipment A

Xaa (1) Absolute acceleration at the top of generic equipment A
B Strain-hardening ratio

B K, Post-yield stiffness

0] Displacement

Displacement at 75% of yield force
Yield displacement

-

Peak displaccment in load step j

.

Increment in peak displacement between two consecutive steps

Displacement ductility factor

S T D> O O

Equivalent viscous damping ratio
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1. INTRODUCTION

Both rigid and flexible conductors interconnect electrical substation equipment. During
earthquakes, significant interaction and equipment damage due to forces transferred through the
connectors have been observed. Flexible bus (*“cables”) exert relatively little force, provided that
they remain slack. Rigid bus (typically aluminum tubular sections) may utilize connectors with
small gaps for thermal displacement, thus accommodating some seismic displacement before
transferring forces between the connected equipment. Some utilities have implemented slack or

loops in flexible and rigid bus to provide flexibility between interconnected pieces of equipment.

1.1 Scope of Research

The primary objective of this research project was to investigate experimentally, through quasi-
static and shake table testing, the interactions between components of substation equipment
connected by both flexible and rigid bus. The intention was to generate experimental data that
would provide guidance in the seismic design of conductor assemblies. Another objective was to
provide experimental validation data for a current PEER-PG&E project in which analytical
methods are being used to study substation equipment connected by flexible and rigid bus.

Specific tests conducted in this project were:

i) Full-scale quasi-static cyclic tests of three different types of rigid bus with spring

connectors.
(i)  Full-scale quasi-static cyclic tests of one rigid bus-slider.
(iii)  Full-scale quasi-static tests of two different types of flexible bus.

(iv)  Full-scale shake table tests of five different pairs of generic substation equipment

connected with three different rigid bus assemblies.



1.2 Report Layout

Following an introduction to the project, and scope of the current study in this chapter, Chapter 2

describes the quasi-static tests performed on rigid bus assemblies with spring connectors.

Chapter 3 presents the quasi-static tests performed on a rigid bﬁs slider. Chapter 4 describés the
- quasi-static tests performed on flexible bus specimens. Chapter 5 presents the shake table tests

performed on five pairs of generic substation equipment Connected with_three different rigid bus

assemblies. Finally, the report concludes with specific recommendations for the seismic design of

interconnected equipment.



2. QUASI-STATIC TESTS OF RIGID BUS WITH SPRING
CONNECTORS

This chapter describes the full-scale quasi-static tests performed on three different types of rigid
bus with spring connectors. These tests were performed in the longitudinal directions of the bus

assemblies under prescribed displacement history.

2.1 Description of Test Specimens

Three different rigid bus-spring connector assemblies were supplied by PG&E and were tested
under quasi-static loading. Two specimens of each spring type were provided; one specimen was
tested under quasi-static loading and the other was used for the shake table tests. Figure 2.1

presents a general view of the three specimens. Drawings of the specimens are included in
Appendix A.

4” Dia Aluminum pipe

Part 30-2021 Terminal Pad 30-4122

Part 30-2022 Terminal Pad 30-4122

Part 30-2023 Terminal Pad 304122
Figure 2.1 Rigid Bus Assemblies with Spring Connectors.

Each rigid bus was made of a 10-ft long SPS aluminum pipe (4.5 in outside diameter and 4.026 in
inside diameter) with offset terminal pads welded at each end. Each bus incorporated a different
spring connector. The first spring connector (Part 30-2021) is non-symmetrical with one
horizontal and one vertical terminal pad. The second spring connector (Part 30-2022) is
symmetrical with two horizontal terminal pads. Finally, the third spring connector is non-
symmetrical with two horizontal terminal pads at different elevations. Figure 2.2 presents the

dimensions of the three spring connectors tested.
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Figure 2.2 Dimensions of Spring Connectors.

Each spring was made up of three pairs of copper alloy straps (1/8” thick by 3” wide) separated
by two 4" gaps. Shim plates were inserted in the gaps only at the ends of the springs to provide

continuous connections to the terminal pads.

2.2 Preliminary Tensile Tests

Preliminary monotonic tensile tests were performed on three different coupons taken from one of
the spring connector (Part 30-2023) in order to evaluate the properties of the copper alloy. Three
different coupons were tested according to the ASTM E8-98 standard (American Society for
Testing Materials, 1999). Figure 2.3 presents the tensile stress-strain curve obtained from one of
the test. It can be seen that the copper alloy exhibits almost a perfect elastic-plastic behavior that
can be characterized by Young’s modulus and yield strength. Table 3.1 presents these material
properties based on the mean values of the three tests performed. The yield strain of the material is
also indicated in this table.

&3

20 1

10 4

Tensile Stress (ksi)
&

S W
2

L) L] L L

2000 4000 6000 8000 10000

Tensile Strain (microstrain)

Figure 2.3 Stress-Strain Curve from Tensile Tests on Copper Alloy.
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Table 2.1 Material Properties for Copper Alloy.

Young’s Modulus 14 100 ksi
Yield Strength 27 ksi
Yield Strain 1915 pe

2.3 Experimental Set-Up for Quasi-Static Cyclic Tests

Figure 2.4 illustrates the experimental set-up used to perform the quasi-static cyclic tests on the
three rigid bus-spring connector assemblies. A 220-kip actuator with a 24-in stroke was attached
to the strong wall of the laboratory and applied horizontal loading in the longitudinal direction of
the bus assembly. The head of the actuator was prevented from moving in perpendicular
directions of the loading by a supporting chain system. Also, locking the swivel near the bus
assembly prevented rotation of the head of the actuator. The bus assembly was inserted between
the head of the actuator and a vertical steel column anchored to the strong floor of the laboratory.
The terminal pad of the spring connector was attached to the column by a transfer plate and the
other end of the bus was connected to the head of the actuator by a similar transfer plate. A 10-kip
capacity axial load-cell was inserted between the head of the actuator and the terminal pad of the
pipe to measure accurately the applied load during the test. Figure 2.5 presents photographs of the

connection details at each end of the rigid bus assembly.

Figure 2.4 Experimental Set-Up for Quasi-Static Tests on Rigid Bus Assemblies.




8 ERTR

Figure 2.5 Details of Connections at Ends of Rigid Bus Assemblies.

2.4 Instrumentation

Figure 2.6 illustrates the instrumentation used for the quasi-static tests on the rigid bus assemblies.
The force-displacement hysteresis loops were obtained by measuring the load across the 10-kip
load cell and the displacement across the spring connector. Also, six strain gauges were installed
on the top and bottom surface of each pair of straps at the position of maximum bending moment.
The strain gauge readings were used at the beginning of each test to define the yield displacement

of the specimen, as described in the next section.

1 Actuator Load Cell

2 Load Cel —
3 Shain gagas Top and Bottom of Spring Conneotor
4 Linear Motion Tranducer (Spring cisplac ement) s

§ lUnecr Mofion Trandiuc er {Actuator displacement)

DETAIL A

Figure 2.6 Instrumentation for Quasi-Static Tests on Rigid Bus Assemblies.



2.5 Test Protocol

The ATC-24 loading protocol (Applied Technology Council, 1992) was used to perform the
quasi-static tests on the rigid bus assemblies. This protocol has been developed for the cyclic
seismic testing of components of steel structures. The protocol consists of stepwise increasing

displacement cycles as illustrated in Fig.2.7.
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Figure 2.7 ATC-24 Test Protocol Used for Quasi-Static Tests of Rigid Bus Assemblies.

The loading history is defined by the following parameters:

o, the yield displacement across the spring connector;

6;=6,+ ( j-1A the peak displacement across the spring connector in load step j;

n; the number of cycles to be performed in load step j;
A the increment in peak displacement between two consecutive
steps.



The displacement is expressed in terms of the displacement ductility factor, g, defined as:

H=5- 1.1

y

The following parameters were used during the tests:

A=6,
) (1.2)
ny=6, n,=n,=n;=3; n;=2forj>3

The yield displacement, &, was obtained from the strain gauge readings during the first cycle in

each loading direction. The specimen was displaced until a strain-gauge reading of 1500 ue was
obtained at the location of maximum bending moment on the spring connector. It was then
assumed that this displacement, &§°, corresponded to 75% of the yield force of the
specimen,0.750, . The yield force, 0,, and the yield displacement, d,, were obtained by linear
extrapolation from these 75% yield values, as illustrated in Fig. 2.8. The procedure was then

repeated in the other loading direction and the mean values were taken as the final yield

displacement and yield force.
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Figure 2.8 Determination of Yield Displacement and Yield Force of Rigid-Bus Assemblies.



Table 2.2 presents the experimental values of yield displacements and yield forces obtained for the
three rigid bus assemblies tested. The 30-2021 and 30-2022 spring connectors have similar yield
displacements and yield forces. The 30-2023 spring connector, being significantly more flexible,

exhibits higher yield displacement and lower yield force than the other two springs.

Table 2.2 Experimental Yield Displacements and Yield Forces for Rigid Bus Assemblies

Spring Part No. Yield Displacement, &, Yield Force, F,
' (in) (Ibs)
30-2021 1.3 401
30-2022 1.3 347
30-2023 3.0 188

2.6  Static Linear Elastic Analysis of Spring Connectors

In order to predict the yield force, yield displacement, and location of maximum stress of each
spring connector before the quasi-static tests, static linear analyses were performed. The
commercial computer program SAP2000 (Computers and Structures, 1998) was used for this
purpose. Each spring connector was modeled by straight linear-elastic frame elements capable of
flexural and axial deformations. Each pair of straps was modeled as superimposed frame
elements. The gaps between pairs of strap were also incorporated in the model. It was assumed
that the terminal pads acted as fixed supports by constraining the rotation of the three end nodes at
each end of the spring. Note that because of symmetry, only half of the 30-2022 spring was
modeled. The elastic modulus shown in Table 2.1 was used in the models.

Figure 2.9 illustrates the displaced shape of the spring 30-2022 model under a horizontal
concentrated force applied at one end of the spring and causing a maximum axial strain of 1915
e , corresponding to the yield strain of the material (see Table 2.1). From these analyses, the
initial stiffness, the yield force and the yield displacement of each spring connector could be

estimated and are indicated on each deformed shape.



Figure 2.9 Static Linear Elastic Analysis of 30-2022 Spring Connectors.

2.7 Experimental Results

Figure 2.10 to 2.12 presents photographs of each specimen at the maximum displacement ductility
factors achieved during each test. In the positive direction, the ductility factor was increased until
the gap of the connector closed and contact occurred. The photographs clearly indicate the ductile
characters of the spring connectors. Note also the significant vertical motion at the end of the sigid
bus caused by the bending flexibility of the aluminum pipe.

RIGID BUS Bk - BFf RGID BUS
PART 30-2021 ; . PART 202021

LOAD 550 LBS fu b @4 10D 1200 1B
pisP - 52 IN g LAy piSP  -7.7 N
DUCTILTY 40 ik B ouctiuTy 60

CYCLE 2 _ 0 Y R P S g 2

APRIL19 1999

Figure 2.10 Rigid Bus with 30-2021 Spring Connector at Maximum Ductility.
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puctiiry 3 §lEenpey ¥/ Enon vel N pucrumy 3
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Figurc 2.12 Rigid Bus with 30-2023 Spring Conncctor at Maximum Ductility.

Figure 2.13 presents the Ioad-displacement response of each spring connector obtained at ductility
levels less than unity. Also shown on the figures are the load-displacement responses predicted by
the SAP-2000 analyses described in the previous section. For the 30-2021 spring, the numerical
model slightly underestimates the elastic stiffness of the unit. This can be explained by the fact
that the vertical terminal pad induces a rotation constraint on a longer length than assumed in the
model. For the 30-2022 spring, the situation is reversed; the numerical model overestimates the
elastic stiffness of the unit. This can be attributed to the vertical motion of the end of the pipe (see
Fig. 2.11) that introduces a rotational flexibility at one end of the spring. Finally, for the 30-2023

spring, the predictions of the numerical model agree well with the test results.

-11-
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Figure 2.13 Load-Displacement Responses of Spring Connectors for Ductility Less than Unity.
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Figure 2.14 presents the load-displacement response of each spring connector obtained for the
complete range of ductility levels considered in the tests. The three spring connectors tested
exhibit large and stable hysteresis loops with good energy dissipation capabilities. For ductility
levels less than four, the hysteresis loops are nearly symmetric about the load axis. For larger
ductility levels, the stiffness of springs 30-2021 and 30-2022 increases for negative loading and
deformation (opening of the spring conductor) because of the tension stiffening effect. This effect
is more predominant for spring 30-2021 than for spring 30-2022. Because of its lower stiffness,
this tension stiffening effect is not observable for spring 30-2023. Also the load level developed
by |

Spring 30-2023 is significantly lower than the loads induced in the other two springs.

Two of the spring connectors (30-2022 and 30-2023) were tested to failure. During the last cycle
of each test, the specimen was pulled monotonically until failure occurred. Figure 2.15 presents
photographs of the failure region of each of the spring connectors. For both specimens, failure
occurred across the net area of the cast-aluminum terminal pad connection that is welded to the
aluminum tubing. Although failures occurred for large ductility levels in the spring connector of
about 10, they were extremely brittle. The recorded failure loads were 8.3 kips and 9.0 kips for
springs 30-2022 and 30-2023, respectively. These correspond to a very low failure tensile stress of

less than 4 ksi across the net area.

2.8 Bilinear Modeling

The load-displacement hysteretic behavior of the three spring connectors can be simply modeled
by a bi-linear solid with elastic stiffness K,, post-yield stiffness B K,, and yield force F,, as
illustrated in Fig. 2.16. Table 2.3 presents numerical values X,, B K,, and F,, based on linear-

regressions of the envelope curves of each of the loops (backbone curves). Figure 2.17 compares
the predictions of the bi-linear models to the experimental data for the same displacement histories

used in the quasi-static tests.
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Figure 2.14 Load-Displacement Responses of Spring Connectors for all Ductility Levels.
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Spring 30-2022 Spring 30-2023
Figure 2.15 Failure Surfaces for Springs 30-2022 and 30-2023.

Force

Displacement

Figure 2.16 Bi-Linear Modeling of Spring Connectors.

Table 2.3 Numerical Values of Parameters for Bi-Linear Modeling of Spring Connectors.

Spring Initial Stiffness Post-Yield Stiffness | Strain-Hardening Yield Force
K, (Ibs/in) B X, (ibs/in) Ratio, B F, (Ibs)
30-2021 308 79 0.26 401
30-2022 233 61 0.26 347
30-2023 63 21 0.33 188
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Figure 2.16 Bi-Linear Modeling of Spring Connectors.
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2.9 Equivalent Viscous Damping Ratios

The energy dissipation capacity of each spring connector, for different displacement amplitudes,
can be characterized by an equivalent viscous damping ratio, { . This equivalent damping ratio
corresponds, for a given displacement amplitude, to a purely viscous dashpot that will dissipate
the same amount of energy per cycle as the real spring connector. Based on the hysteresis loops

shown in Fig. 2.14, the equivalent viscons damping ratio of a spring connector, {, at a given

displacement amplitude, &, is given by (Clough and Penzien, 1993):

g__ EDb‘

=0 1.3
2 F; 6 13

where E;is the energy dissipated per cycle at a displacement amplitude & and Fj is the force at

the displacement amplitude & .

Table 2.4 presents the equivalent damping ratios for the three spring connectors tested at different
displacement amplitudes corresponding to ductility levels greater or equal than one. The values
presented correspond to the mean values of the different cycles for a given displacement
amplitude. Only the symmetric cycles, before contact occurred, are presented. Figure 2.18

comparcs graphically these same results.

For the three specimens tested, the equivalent damping ratios increase with displacement
amplitude, indicating higher energy dissipation capacity of the spring connectors at large inelastic
displacements. Spring 30-2021 and spring 30-2022 exhibit damping ratios significantly higher

than the more flexible spring 30-2023 for the complete range of displacement amplitudes.
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Table 2.4 Equivalent Viscous Damping Ratios for Spring Connectors.

Spring 30-2021 Spring 30-2022 Spring 30-2023
Displacement | Equivalent | Displacement | Equivalent | Displacement | Equivalent
Amplitude Damping Amplitude Damping Amplitude Damping

(in) Ratio (%) (in) Ratio (%) (in) Ratio (%)

1.0 2.84 1.0 2.00 23 4.52
1.3 4.75 13 3.00 30 5.56
2.6 13.1 2.6 10.1 6.0 17.6
3.9 18.0 39 20.8 6.0 23.0
52 20.1 52 29.9
6.5 -— 6.5 313

0.0 20 40 6.0 8.0 100
Displacement Amplitude (in)
—&—Spring 30-2021 —=—Spring 30-2022 —aA— Spring 30-2023

Figure 2.18 Comparison of Equivalent Viscous Damping Ratios for Spring Connectors.

-18-




3.  QUASI-STATIC TEST OF RIGID BUS SLIDER

This chapter describes the quasi-static test performed on the rigid bus slider specimen
provided by PG&E. This test was performed in the longitudinal direction of the bus

assembly under prescribed displacement history.

3.1 Description of Test Specimen
Two identical rigid bus slider assemblies were supplied by PG&E. One was used for the
quasi-static test and the other for the shake table tests. Figure 3.1 presents a general view

of the specimen. Drawings of the specimen are also included in Appendix A.

4” Dia. Aluminum pipe

Slider connector Type 221A,30-4462 Terminal Pad 30-4122

Figure 3.1 Rigid Bus Slider.

The specimen was made of a 10-ft long SPS aluminum pipe (4.5 in outside diameter and
4.026 in inside diameter) with a slider connection at one end, and an offset terminal pad
at the other end.

The details of the slider connector are shown in Fig. 3.2. A shaft sliding against the inside
surface of the pipe generates the friction force. A restoring force is also provided by two
looped aluminum cables, welded on the pipe and on a terminal pad that is attached to the
end of the shaft.

3.2 Experimental Set-Up for Quasi-Static Test

The experimental set-up used for the quasi-static test on the rigid bus slider assembly was
similar as the one used for the quasi-static tests on the rigid bus-spring connector
assemblies described in Chapter 2 (see section 2.3). Figure 3.3 presents a photograph of
the connection detail at the end of the slider connector.

-19-
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Figure 3.2 Slider Connector.

Figure 3.3 Connection at End of Slider Connector.

3.3 Instrumentation

Only the instrumentation required to measure the force displacement hysteresis loops in
the longitudinal direction of the rigid bus slider assembly was installed. The force was
measured across the 10-kip load cell that was inserted between the head of the actuator
and the aluminum pipe (see section 2.3), and the displacement was measured across the

full length of the specimen.

-20-



3.4 Test Protocol

The ATC-24 loading protocol (Applied Technology Council, 1992), used for the quasi-
static tests of the rigid bus assemblies (see section 2.5), was used once again to perform
the quasi-static test on the rigid bus slider assembly. In the case of the slider, however,
the yield displacement must be defined differently since Coulomb-type friction is
responsible for the nonlinear behavior of the specimen. An arbitrary value of 1 in was

taken as the yield displacement, &, across the slider connector.

3.5 Experimental Results

Figure 3.4 presents photographs of the specimen at the maximum displacements achieved
during the test. In the positive direction, the displacement was increased until contact
occurred between the aluminum pipe and the terminal pad. In the negative direction, the

displacement was increased until the shaft slid out of the aluminum pipe.

5=+35in =-35in
Figure 3.4 Rigid Bus Slider at Maximum Displacements.

Figure 3.5 presents the load-displacement response of the rigid bus slider obtained for the
complete range of displacements considered in the test. The specimen exhibits a behavior
that is typical of a Coulomb-type friction system coupled with an elastic restoring force
mechanism. Before the slider can move, the static friction between the shaft and the
interior surface of the pipe must be overcome. For the specimen tested, this slip force can
be estimated at 53 1bs. After slipping has started, the force increment is obtained by the
elastic flexural deformation of the two cable loops. For the specimen tested, this elastic
post-slip stiffness can be estimated at 83 Ibs/in.

-21-



Load (Ibs)

Displacement (in)
Figure 3.5 Load-Displacement Response of Rigid-Bus Slider.

Therefore, the overall behavior of the rigid bus slider tested can be simply modeled as a
rigid-plastic behavior with a slip force of 53 1bs, and a post-slip stiffness of 83 Ibs/in.
Figure 3.6 compares the predictions of this simple model to the experimental data for the

same displacement history used in the quasi-static-test.

460
Tests

Load (Ibs)

Displacement (in)

Figure 3.6 Rigid-Plastic Modeling of Rigid Bus Slider.

22



3.6 Equivalent Viscous Damping Ratios
The procedure described in section 2.9 was applied again on the hysteresis loops of Fig.
3.5 to evaluate the equivalent viscous damping ratio, {, of the bus slider for various

displacement amplitudes. The resulting damping ratios are presented in Table 3.4 and are
graphically shown in Fig. 3.7. For comparison purposes, the damping ratios computed for
the three spring connectors tested and discussed in Chapter 2 are also shown in this

figure.

Contrary to the spring connectors, the equivalent damping ratio of the bus slider
decreases slightly with increasing displacement amplitude. The energy dissipated per
cycle, Ep;, at a displacement amplitude 6 can be written as: -

Eps =4F,0 (3.1)
where Fis the slip force of the bus slider. The force, Fj, at a displacement § is given
by:

Fs=F,+K,6 (3.2)
where K, is the elastic restoring stiffness. Substituting equations (3.1) and (3.2) into
equation (1.3) leads to a theoretical expression for the damping ratio, ¢, for the bus

slider:

2F,

TR+ £7) 7

4

Equation (3.3) shows that the damping ratio of the bus slider decreases with increasing
displacement amplitudes. For a slip force F, =53Ibs, and a restoring stiffness
K,=83Ibs/in, equation (3.3) yields damping ratios of 0.25, 0.15, and 0.11 for
displacement amplitudes 6 =1,2,and 3in, respectively. These predicted values agree

reasonably well with the experimental values shown in Fig. 3.7.

For the range of displacements allowed by the slider, however, the equivalent viscous

damping ratios provided by the bus slider are higher that the ones exhibited by the three
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spring connectors. This result indicates the superior energy dissipation capacity of the bus

slider at small displacement amplitudes.

Table 3.4 Equivalent Viscous Damping Ratios for Bus Slider.

Displacement Amplitude (in) Equivalent Damping Ratio (%)

1.0 19.1
2.0 17.5
3.0 15.6

S 40.00

2 30.00 |

%0 20.00 - -

'g 10.00 -

S

A 000 T T E i

0.0 2.0 4.0 6.0 8.0 10.0

Displacement Amplitude (in)

—e— Spring 30-2021 —=— Spring 30-2022
—A— Spring 30-2023 —— Bus Slider

Figure 3.7 Comparison of Equivalent Viscous Damping Ratios
for Bus Slider and Spring Connectors.
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4. QUASI-STATIC TESTS OF FLEXIBLE BUS ASSEMBLIES

This chapter describes the full-scale quasi-static tests performed on two different types of
flexible bus assemblies (cables). These tests were performed in the longitudinal direction

of the assemblies under prescribed initial slackness and displacement history.

41  Description of Test Specimens
Three different flexible bus assemblies were supplied by PG&E for the quasi-static and
shake table tests. Figure 4.1 presents a general view of the three specimens. Drawings of

the specimens are included in Appendix A.

15" Jang AAC with compressdon end Dttings

End Sttings Type 317, 30-3544

15’ leag AAC with compression end fitings

v
P

2 Spacen §” Type 399, 18155 End Sttings Type 316, 30.3457

25’ Jeng AAC with compressien end Bttings

2 Spacers $ Type 391, 18-356 End fitiogs Type 317, 30354

Figure 4.1 Flexible Bus Assemblies.

The first specimen consisted of a 2300 MCM single conductor, 15 ft long, with two
compression end fittings. The 2300-type all aluminum cable (AAC) has a nominal
diameter of 3.000 in and is composed of 49 wires. Its rated tensile strength is 34 300 Ibs.
The second specimen consisted of 1113 MCM bundled conductors, 15 ft long, with two
spacers and two compression end fittings. The 1133-type all aluminum cable (AAC) has
a nominal diameter of 1.095 in and is composed of 31 wires. Its rated tensile strength is
18 500 Ibs. Finally, the third specimen consisted of a 2300 MCM bundled conductors, 25

ft long, with two spacers and two compression end fittings.
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During unpacking of the specimens, it was observed that the cables were damaged at
several locations. As shown in Fig. 4.2, individual strands were pulled apart permanently
presumably because of the very tight loops used for shipping the cables. This local
damage induced zones of unequal flexural flexibility in the cables, and caused problems

in setting the initial geometry of the test specimens.

Figure 4.2 Local Damage to Flexible Conductor.

4.2 Experimental Set-Up for Quasi-Static Tests

The experimental set-up for the quasi-static tests on the flexible bus assemblies was
similar as the one used for the quasi-static tests on the rigid bus-spring connector
assemblies in Chapter 2 (see section 2.3).

The amount of initial slackness introduced in the cables was based on a single vertical
loop having a maximum vertical displacement approximately equal to 10% of the length
of each specimen. Because of the very low flexural rigidity of the specimens and the local
damage experienced by the cables, it became very difficult to shape the specimens in this
initial geometry. Figure 4.3 shows photograph of the first specimen (a 2300 MCM single
conductor) supported in its initial geometry by a crane. When the crane support was
removed just before the start of the test, the cable sagged laterally. For the 1113 MCM
bundled conductors, it was easier to maintain the initial geometry of the specimen, as

shown in Fig. 4.4.
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Figure 4.4 Initial Geometry of 1113 MCM Bundled Conductors.

4.3 Instrumentation

Only the instrumentation required to measure the force displacement hysteresis loops in
the longitudinal direction of the flexible bus assemblies was installed. The force was
measured across the 10-kip load cell that was inserted between the head of the actuator
and the aluminum pipe (see section 2.3), and the displacement was measured across the

full length of the specimens.

4.4 Test Protocol
The ATC-24 loading protocol (Applied Technology Council, 1992), used for the quasi-

static tests of the rigid bus assemblies (see section 2.5), was used once again to perform

the quasi-static tests on the flexible bus assemblies. As for the case of the rigid bus slider,

an arbitrary value of 1 in was taken as the yield displacement, &, across each of the

specimen,.
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4.5 Experimental Results

Figures 4.5 and 4.6 present the load-displacement responses of the 2300 MCM single
conductor and of the 1113 MCM bundled conductors, respectively. The behavior is
similar for both specimens with virtually zero stiffness in compression and elastic tensile
stiffness when the initial slack is overcome. The maximum compressive load measured
during the two tests was less than 50 1bs. For the specimen incorporating 1113 MCM
bundled conductors, the cable dropped from its initial geometry at a tensile displacement
of 2.5 in. This reduced the compressive resistance of the cables to approximately 20 lbs
for the subsequent cycles. Also for the 1113 MCM bundled conductors, the two cables
were manufactured with different lengths, as seen in Fig. 4.7. This caused one cable to be

taut much more than the other one.

Based on these results, it became clear that for the length of conductors tested the flexural
stiffncss of the cables playcd an insignificant role in the load-displacement responses.
Therefore, it was decided not to test the third specimen that incorporated even longer
cables (25 ft).

800 - e e N e
—» 7 \ <

400-4-

Maximum Compression Load = 35 1bs
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3
<o

<7

Displacement (in)

Figure 4.5 Load-Displacement Response of 2300 MCM Single Conductor.
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Figure 4.6 Load-Displacement Response of 1113 MCM Bundled Conductors.
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5  SHAKE TABLE TESTS OF PAIRS OF GENERIC
SUBSTATION EQUIPMENT CONNECTED WITH RIGID BUS
ASSEMBLIES '

This chapter describes the shake table tests performed on five pairs of generic substation
equipment connected with three different rigid bus assemblies. Simulated horizontal
ground motions were applied in the longitudinal direction of the bus assemblies by the
uniaxial earthquake simulation facility at UC-San Diego. The variables considered in the
tests were:

e the dynamic characteristics of the generic equipment

¢ the types of rigid bus assemblies

¢ the simulated ground motions

o the intensities of the simulated ground motions

5.1  Description of UC-San Diego Uniaxial Earthquake Simulation
Facility

The uniaxial earthquake simulation system at UC-San Diego features a 4.8 tons shake
table made of an all-welded steel construction, as shown in Figure 5.1. The shake table
has plan dimcnsions of 10 ft x 16 ft with a specimen payload capacity of 40 tons. A 90-
kips fatigue-rated actuator drives the system. The bearing system consists of eight 5-in
Garlock DU cylinders sliding on two stationary shafts. The usable peak-to-peak stroke is
12 in. The flow rate of the hydraulic system allows a peak sinusoidal velocity of 40 in/s.
The actuator can induce peak accelerations of 9.0 g for the bare table and 1.0 g for the

fully loaded table. The workable frequency range of the simulator spans from 0 to 50 Hz.

The control system of the shake table includes an advanced, second generation, digital
controller incorporating a Three-Variable-Control (TVC), together with Adaptive Inverse
Control (AIC), On-Line Iteration (OLI) techniques and Resonance Canceling Notch
Filters. This advanced control system allows the reproduction of earthquake ground
motions with high fidelity (Filiatrault et al., 1996, 2000).
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Figure 5.1 Shake Table of the UC-San Diego Uniaxial Earthquake Simulation System.

52  Description of Generic Substation Equipment _

Initially, four different pairs of generic substation equipment were consid;:red for the
shake table tests. Each pair of generic equipment was designed to be representative of the
dynamic properties of actual interconnected substation electrical equipment. Table 5.1

presents the target dynamic characteristics of the four pairs of generic equipment.

Table 5.1 Target Dynamic Characteristics of Pairs of Generic Equipment.

Equipment A Equipment B
Pair | Equipment | Seismic | Natural | Equipment | Seismic Natural
No. | Weight | Frequency No. Weight Frequency
(Ibs) (Hz) (1bs) (Hz)
1 1 800 2 3 150 6
2 1 800 2 4 150 12
3 2 90 - 2 3 150 6
4 2 90 2 4 150 12

From table 5.1, four different generic equipment specimens are required to satisfy the test

schedule. For each specimen, the seismic weight and the natural frequency are fixed.
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Therefore, the design variables are the lateral stiffness of each specimen and the
appropriate strength to assure an elastic dynamic response. For simplicity, it was decided
to anchor steel cantilevered columns of appropriate stiffness and strength to the shake
table. Figure 5.2 illustrates the test set-up for the shake table tests. In order to mobilize
sufficient strength for a given lateral stiffness, the height of all cantilevers was fixed at 14
ft. Table 5.2 presents the tubular steel sections used to fabricate each column. Appendix
B presents the shop drawings used to fabricate the specimens.

Rigid Bus
T

Generic Equipment B

/

Generic
Equipment A

~

Shake Table

Figure 5.2 Test Set-Up for Shake Table Tests.
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Table 5.2 Tubular Steel Sections Used for Generic Equipment Specimens.

Equipment Seismic Weight Natural Frequency Tubular Section
(Ibs) (Hz)
1 800 2 7x5x3/16 in
2 90 2 3-1/2x2-1/2x1/4 in
3 150 6 8x6x3/16 in
4 150 12 12x8x5/16 in

In order to adjust the natural frequency of each equipment specimen, supplemental steel

weights were added at the top of the columns, as illustrated in Fig. 5.3. Table 5.3

indicates the final lumped weight added at the top of each equipment specimen along

with the total weight of each specimen.

Figure 5.3 Supplemental Steel Weights at Top of Generic Equipment Specimen.

Table 5.3 Values of Steel Weights at Lumped Top of Generic Equipment Specimen.

Equipment Target Seismic Target Natural Lumped Top | Total Weight
Weight (Ibs) Frequency (Hz) Weight (lbs) (1bs)
1 800 2 747 951
2 90 2 76 200
3 150 6 04 334
4 150 12 30 595
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5.3 Instrumentation
The instrumentation used during the shake table tests of the generic interconnected
equipment included the following measurements:
e Absolute displacement, velocity and acceleration of the shake table;
* Absolute displacement, velocity and acceleration at the top of each equipment
. Re]ativg displacement between equipment

¢ Axial strain at the location of maximum moment in the spring connector

The velocity measurements were obtained directly with special string potentiometers

calibrated with velocity.
5.4 Earthquake Ground Motions and Shake Table Fidelity

Two recorded components of near-field earthquake ground motions were used for the
seismic tests on the shake table: Tabas (1978 Iran earthquake) and Newhall (1994
Northridge, California, earthquake). These two records are representative of earthquakes
known to have a high potential for damaging structures and equipment. Figure 5.4
presents the acceleration time-histories for both full-scale records (100% span).

The Tabas record was modified using a nonstationary response-spectrum matching
technique developed by Abrahamson (1997) to match the IEEE 693 (1997) target
response spectrum for testing, and it was further high-pass filtered using a cut-off

frequency of 1.5 Hz so as not to exceed the displacement limit of 6 in of the shake table.

Preliminary nonlinear dynamic time-history analyses were performed to estimate the
response of the interconnected equipment. Based on the results of these preliminary
analyses, different intensities were retained for each ground motion record. Tablc 5.4
presents these intensities fof the two ground motions considered. Significant inelastic
response of the rigid bus conductors was anticipated at the largest intensities. Note also

that certain tests were conducted at intermediate intensity levels.
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Figure 5.4 Acceleration Time-Histories of Earthquake Ground Motions.

Table 5.4 Intensities of Earthquake Ground Motions Retained for the Shake Table Tests

Record Intensity 1 Intensity 2 Intensity 3
(% Span) (% Span) (% Span)
Tabas 25 50 200
Newhall 30 100 ---
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The performance of the shake table was optimized for each record and intensity using the
On-Line Iteration (OLI) technique of the electronic controller. Figure 5.5 compares the
absolute acceleration response spectra, at 5% damping, of the accelerograms of Fig. 5.4
scaled at the different intensities listed in Table 5.4 (desired signals) with the response
spectra of the acceleration time-histories recorded on the shake table (feedback signals).
The feedback signals shown represent the mean values of three different tests on the
shake table. /

As discussed earlier, the target natural frequencies of the generic equipment varied
between 2 and 12 Hz. The mean differences (in %) between the desired and the feedback
spectral values in the 2-12 Hz frequency range are also indicated in Fig. 5.5. The
maximum difference for all records is less than 6%. Based on this result, the performancé
of the shake table was considered adequate. For comparison purposes, each graph in Fig.
5.6 shows also the IEEE 693 (IEEE, 1997) required response spectrum for 2% damping
and for high performance level amplified by 'a factor of two to account for the

amplification of earthquake motion at the base of the generic equipment.

5.5 Shake Table Test Program

Three different types of shake table tests were conducted on the rigid bus conductors:
1) Frequency Evaluation Tests
2) Damping Evaluation Tests

3) Seismic Tests

These tests are briefly described below.
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3.5.1 Frequency Evaluation Tests
The purpose of the frequency evaluation tests was to identify the natural frequencies and

mode shapes of the various pairs of interconnected generic substation equipment. For this
purpose, a low-amplitude 0-40 Hz, clipped-band, and flat white noise excited each
configuration. A dedicated ambient vibration analysis software (Experimental Dynamic
Investigations, 1993) was used to determine the natural frequencies from power spectral
density plots of the absolute acceleration records at the top of each equipment. The
structural mode shapes were obtained from the amplitudes of the spectral peaks and by
the phase and coherence between the measured acceleration time-histories. For all

frequency evaluation tests, the following test protocol was followed:

e Nyquist frequency = 40 Hz

¢ Sampling rate = 80 Hz

* Number of points per sampling windows = 2048
¢ Duration of each sampling window =25.6 s

¢ Frequency resolution = 0.0391 Hz

¢ Number of sampling windows = 8

e Total duration =204.8 s

3.5.2 _Damping Evaluation Tests
The purpose of the damping evaluation tests was to estimate the first modal equivalent

viscous damping of each equipment configuration. In these tests, each pair of generic
equipment was excited by a low-amplitude base sinusoidal input at its previously
identified fundamental frequency. When a steady-state response was obtained, the input
was suddenly stopped and the absolute accelerations at the top of the equipment were
recorded. The first modal damping ratio of the structural configuration was then

established by the logarithmic decrement method (Clough and Penzien, 1993).
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5.5.3  Seismic Tests

In the seismic tests, the ground motions defined in section 5.4 excited the pairs of
interconnected equipment. All seismic test data were acquired at a sampling rate of 200

Hz to capture potential impacts between the rigid bus and the top of the Equipment.

5.6 Rigid Bus Specimens

Three different rigid bus connector assemblies were tested with each of the four pairs of

interconnected equipment defined in Table 5.1. These rigid bus assemblies were:

1) The bus assembly with the spring connector 30-2022 described in Section 2.2.

2) Therigid bus slider described in Section 3.1.

3) A seismic connector with a 4 in diameter rigid bus developed by Bonneville
Power Administration (BPA).

The first two rigid bus specimens were tested previously under quasi-static loading, as
described in Chapters 2 and 3. The third rigid bus specimen was provided by PG&E only
for the shake table tests and was not tested under quasi-static loading.

Figure 5.6 presents photographs of the BPA seismic connector tested on the shake table.
The connector includes three vertically parallel 6061-T6 aluminum alloy, 1.3 in diameter,
cables (Hood conductor, AAC/TW). These cables are welded to 6061-T6-aluminum alloy
T-shape plates that are mounted to the rigid conductor. This seismic connector was
similar to the specimen tested in a previous investigation at Portland State University
(Starkel et al., 1998). Drawings of the BPA seismic connector are included in Appendix
A of this report.
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General Arrangement on Shake Table

Figure 5.6 BPA Seismic Connector.



5.7 Test Sequence

Table 5.4 presents the test sequence that was adopted for the shake table tests. Included
‘are the frequency and damping evaluation tests, as well as the seismic tests under the
various earthquake ground motion records. This secjuence was developed in order to
‘optimize the use of the n'gid bus conductor specimens provided by PG&E. Note that
‘some test numbers are missing from Table 5.4. These are tests that were originally
schcduled ‘but later cancelled in order to maintain the mtegnty of the equipment
configurations until the end of the test sequence. Finally, tests listed with Pair No. 5 in

Table 5.4 refers to Pair No. 2 with Equipment 4 modified with a lateral bracing member,

as described in section 5.6.3.

Table 5.4 Shake Table Test Sequence

Test | Pair Conductor , Test Description Input Signal | Span
RB-#| No. . : (%)
1 4 None Frequencies of Uncoupled Equipment White Noise .-
2 14 None Damping - A Sinusoidal -
3 4 None Damping - B Sinusoidal -—-
4 4 | Spring 30-2022 Frequencies of Coupled Equipment White Noise ---
5 4 | Spring 30-2022 Damping - A& B Sinusoidal -an
6 | -4 | Spring 30-2022 Seismic Newhall 30
7 4 | Spring 30-2022. Seismic Newhall 100
8 4 | Spring 30-2022 Seismic Tabas 25
9 4 | Spring 30-2022 Seismic Tabas 50
10 | 4 None Frequencies of Uncoupled Equipment White Noise ---
11 4 None Damping - A Sinusoidal -—-
12 4 None Damping - B Sinusoidal ---
13 | 4 Bus Slider Frequencies of Coupled Equipment White Noise ---
14 | 4 Bus Slider Damping - A& B Sinusoidal ---
15 | 4 Bus Slider Seismic Newhall 100
17 | 4 Bus Slider Seismic Tabas' 50
18 | 4 Bus Slider : Seismic Tabas - 200
22 | 4 BPA Isolator Frequencies of Coupled Eqnipment White Noise ase
23 | 4 BPA Isolator Damping - A & B Sinusoidal e
24 | 4 BPA Isolator Seismic Newhall - 30
26 | 4 | BPAIlsolator Seismic Tabas 25
28 | 4 None Seismic Newhall 30
29 4 None Seismic, Newhall 100
30 | 4 Norne ~___ Seismic Tabas 25
31 4 None Seismic Tabas 50
33 3 None Frequencies of Uncoupled Equipment White Noise 100
35 13 None : Damping - B Sinusoidal 100




Test | Pair Conductor Test Description Input Signal | Span

RB-#| No. (%)
36 | 3 | Spring 30-2022 Frequencies of Coupled Equipment White Noise ---
37 | 3 Spring 30-2022 Damping — A & B Sinusoidal ---
38 | 3 | Spring 30-2022 Seismic Newhall 30
39 | 3 | Spring 30-2022 Seismic Newhall . 100
40 | 3 | Spring 30-2022 Seismic Tabas 25
41 3 | Spring 30-2022 Seismic Tabas 50
45 | 3 Bus Slider Frequencies of Coupled Equipment White Noise -
46 1 3 Bus Slider Damping-A & B Sinusoidal —
47 | 3 Bus Slider Seismic Newhall 100
49 | 3 Bus Slider Seismic Tabas 50
54 | 3 |. BPAIsolator Frequencies of Coupled Equipment White Noise -==
55 3 BPA Isolator Damping - A & B Sinusoidal -
56 |3 BPA Isolator Seismic . .-Newhall 30
58 3 BPA Isolator Seismic Tabas 25
60 | 3 ~ None Seismic Newhall 30
61 | 3 None Seismic Newhall 100
62 | 3 None Seismic Tabas 25
63 3 None Seismic Tabas 50
66 | 1 None Frequencies White Noise -
67 | 1 None Damping - A Sinusoidal —
68 11 None Damping - B Sinusoidal 100
69 | 1 | Spring 30-2022 Frequencies of Coupled Equipment White Noise -
70 | 1 | Spring 30-2022 Damping-A & B Sinusoidal -
71 1 Spring 30-2022 ~ Seismic Newhall 30
72 1 Spring 30-2022 Seismic Tabas 25
76 1 Bus Slider Frequencies of Coupled Equipment “White Noise -
77 1 Bus Slider Damping - A & B Sinusoidal -
78 1 Bus Slider "~ Seismic Newhall 100
79 | 1 Bus Slider Seismic Tabas 50
83 |1 BPA Isolator Frequencies of Coupled Equipment White Noise —
84 1 BPA Isolator " - Damping — A & B Sinusoidal - —-
85 1 BPA Isolator Seismic Newhall 30
87 1 BPA Isolator Seismic Tabas 25
96 | 2 | Spring 30-2022 Frequencies of Coupled Equipment - White Noise -
97 | 2 | Spring 30-2022 Damping— A & B Sinusoidal -
98 | 2 | Spring 30-2022 - Seismic Newhall 30
99 | 2 | Spring 30-2022 Seismic Tabas 25
100 | 2 | Spring 30-2022 Seismic Tabas 50
101 | 2 | Spring 30-2022 Seismic Newhall 100
102 | 2 | Spring 30-2022 Seismic Tabas 100
103°} 2 Spring 30-2022 Seismic Tabas 150
107 | 2 Bus Slider Frequencies of Coupled Equipment ‘White Noise -
108 | 2 Bus Slider - Damping-A & B Sinusoidal ---
109 | 2 Bus Slider - Seismic ‘Newhall - 30
110 | 2 Bus Slider Seismic Tabas 25
111 | 2 Bus Slider Seismic Tabas 50 -
112 | 2 Bus Slider Seismic Newhall 100
116 | 2 BPA Isolator Frequencies of Coupled Equipment White Noise ---
117 | 2 BPA Isolator Damping - A& B Sinusoidal ---
118 | 2 BPA Isolator Seismic Newhall 30
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Test | Pair Conductor Test Description Input Signal | Span

RB-# | No. (%)
119 | 2 BPA Isolator Seismic Tabas 25
120 | 2 BPA Isolator Seismic Tabas 50
121 | 2 BPA Isolator Seismic Newhall 100
122 1 2 BPA Isolator Seismic Tabas 75
123 | 2 BPA Isolator Seismic Tabas 100
124 | 2 None Seismic Newhall 30
125 | 2 None Seismic Tabas 25
126 | 2 None Seismic Tabas 50
127 { 2 None Seismic Newhall 100
130 | 5 None Frequencies ‘White Noise -
131 { § None Damping - A Sinusoidal -
132 1 5 None Damping - B Sinusoidal ---
133 | 5 | Spring 30-2022 Frequencies White Noise ---
134 | 5 | Spring 30-2022 Damping A-B, First Mode Sinusoidal -
135 | 5 | Spring 30-2022 Damping A-B, Second Mode Sinusoidal -
136 | 5 | Spring 30-2022 Seismic Newhall 30
137 | 5 | Spring 30-2022 Seismic Tabas 25
138 5 Spring 30-2022 Seismic Tabas 50
139 | 5 | Spring 30-2022 Seismic Newhall 100
140 | 5 | Spring 30-2022 Seismic Tabas 100
141 | 5 | Spring 30-2022 Seismic Tabas 150
142 | 5 Bus Slider Frequencies ‘White Noise ~ee
143 | 5 Bus Slider Damping A-B Sinusoidal --e
144 | 5 Bus Slider Seismic Newhall 30
145 | 5 " Bus Slider Seismic Tabas 25
146 | 5 Bus Slider Seismic Tabas 50
147 | 5 Bus Slider Seismic Newhall 100
148 ) Bus Slider Seismic ‘Tabas 100
149 | 5 BPA Isolator Frequencies White Noise -
150 | 5 BPA Isolator Damping — First Mode Sinusoidal ---
151 | 5 BPA Isolator Damping — Sccond Modc Sinusoidal
152 | 5 BPA Isolator Seismic Newhall 30
153 | 5 BPA Isolator Seismic Tabas 25
154 | 5 -BPA Isolator Seismic Tabhas 50
1551 5 BPA Isolator Seismic Newhall 100
156 | 5 BPA Isolator Seismic Tabas 100
157 1 S None Seismic Newhall 30
158 ] 5 None Seismic Tabas 25
159 | 5 None Seismic Tabas 50
160 | 5 None Seismic Newhall 100
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5.8 Results of Frequency and Damping Evaluation Tests

The detailed results of all frequency evaluation tests conducted on alll generié equipment
combinations are presented in Appendix C. Included are power spectral dcnsify, phase,
- and coherence plots obtained from the absolute acceleration records at the top of each
equipment. The results of the damping evaluation tests are presented in Appendix D. For
each damping evaluation test, the detailed calculations of the first modal damping ratios

by the logarithmic decrement method are included.

‘Table 5.5 summarizes the results of the frequency and damping evaluation tests on the
stand alone (unconnectéd) generic equipment specimens. The fundamental frequencies of
equipmént 3 and 4 are substantially lower than the target frequencies shown in Table 5.3.
For these stiffer equipment specimens, it was not possible to completely prevent rotation
at the basc. Rocking of the basc causcd the fundamental frequencies tb be lower than
- anticipated. Therefore, it was decided to repeat the tests on Pair No. 2 with Equipment 4
equipped with a lateral bracing member (2 angles 3x3x3/8 back-to-back) to increase its
" natural frequency to 12 Hz. This new pair of equipmeht is referred to as Pair No. 5.
Figure 5.7 présents a photograph of the modified Equipment 4. The shop drawings of the

brace assembly are included in Appendix B.

Table 5.5 Measured Natural Frequencies and Damping of Generic Equipment Spécimens.

Equipment Natural Frequency (+ 0.04 Hz) First Modal
' : Mode 1 Mode 2 Mode 3 Damping Ratio (%)
1 1.99 . 19.84 23.75 0.42
-2 1.88 16.88 - 29,22 0.52
3 4.10 Not Measured | Not Measured | - - 041
4 5.47 28.30 Not Mcasured 0.39
4 12.23 Not Measured | Not Measured 0.29
with Brace




Figure 5.7 Equipment 4 Retrofitted with Bracing Element.

Tables 5.6 to 5.8 summarize the results of the frequency and damping evaluation tests on
the five pairs of generic equipment specimens interconnected by the three different rigid
bus assemblies. The mode shapes are represented by the relative motions at the top of the
equipment specimens. For the tests involving the bus slider, a mechanical locking device
was introduced at the sliding interface to prevent slippage. This locking device was

removed for the seismic tests.
The natural frequencies measured on the generic equipment specimens interconnected by

the bus assemblies fall between the natural frequencies obtained for the stand alone

generic equipment specimens (see Table 5.5). The lowest natural frequencies were
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obtained with the flexible BPA seismic connector, while the highest natural frequencies

correspond to the pairs of equipment interconnected with the rigid bus slider. With the

bus slider, the vibrations of at the top the equipment specimens are in phase for all

frequencies since the bus slider is rigid.

Table 5.6 Results of Frequency and Damping Evaluation tests on Equipment
Interconnected by Bus Assembly with Spring Connector.

Mode 1 Mode 2 Mode 3
Pair | Natural Mode | Damping | Natural Mode Natural Mode
Frequency | Shape Ratio | Frequency | SM@P€ | Frequency | Shape
(+0.04Hz) |A| B (%) (x004Hz) ([A| B |(x0.04Hz) (Al B
1 2.38 1| 0.64 1.10 5.15 1(-3.71 20.08 1] 0.70
2 2.58 1] 049 0.63 5.82 1(-4.52 20.08 1| 0.60
3 3.01 11083 1.00 6.60 1(-0.78 17.31 1]-0.16
4 3.79 1] 0.54 0.90 6.72 1{-0.98 17.31 1] -0.05
5 2.96 1]0.14 1.85 11.37 1[-153 Not -1 -
Measured
Table 5.7 Results of Frequency and Damping Evaluation Tests on Equipment
Interconnected by Bus Slider.
Mode 1 Mode 2 Mode 3
Pair | Natural Mode | Damping | Natural Mode Natural Mode
Frequency | Shape Ratio Frequency | Shape | Frequency | Shapc
(#0.04Hz) [A| B (%) (x004Hz) |A| B [(£0.04Hz) |A B
1 2.54 1] 0.99 1.08 19.81 ‘1] 0.66 28.20 1] 0.40
2 3.05 11 1.00 1.16 19.81 1| 047 26.02 1] 1.11
3 3.16 1] 1.06 1.86 1543 1]0.88 20.04 1] 0.72
4 4.30 1] 1.00 1.57 14.92 1 [ 0.66 20.08 1{ 0.56
5 5.78 1| 0.96 0.47 Not - - Not -l -
Measured Measured

Note: These tests were performed with the slider mechanically locked to prevent slippage
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Table 5.8 Results of Frequency and Damping Evaluation Tests on Equipment
Interconnected by Rigid Bus with BPA Seismic Connector.

Mode 1 Mode 2 Mode 3
Pair | Natural Mode | Damping Natural Mode Natural Mode
Frequency | Shape Ratio | Frequency | ShaP€ | Frequency Shape
(+0.04Hz) |A| B (%) (+004Hz) |A| B |(£0.04Hz) |A B
1 2.07 1] 0.16 1.84 3.39 1| - 20.08 1{ 0.86
2 2.07 1]0.10 1.60 4,22 1]1-17.8 20.08 1{ 0.63
3 2.34 11024 1.65 3.40 1]-1.75 15.66 1} -0.63
4 2.38 110.10 1.85 434 1|-4.47 15.39 1{-0.62
5 2.11 1] 0.01 0.36 8.42 - -- 1543 - -

5.9 Results of Seismic Tests

The results of all scismic tests conducted on the five pairs of generic equipment

specimens interconnected by the three different rigid bus assemblies are presented in

Appendix E. Included for each seismic test are time-history plots of:

¢ Absolute acceleration of the shake table

e Rclative horizontal displaccment at the top of Equipment A

e Relative horizontal displacement at the top of Equipment B

e Absolute horizontal acceleration at the top of Equipment A

e Absolute horizontal acceleration at the top of Equipment B

e Relative displacement between Equipment A an‘d Equipment B
 Longitudinal force in the connector

e Force-displacement hysteresis loops across tﬁe connector

e Axial strain at the apex of the spring connector
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The longitudinal force in the connector, F, (1), was obtained by considering the dynamic

equilibrium at the top of equipment specimen A, adjacent to the connector:
F,(D)=m, xaa()+c, xm(t)+k 5, (t) EDY

where m,,c,,and k,are the mass,. viscous damping coefficient and lateral stiffness of

equipment specimen A, respectively, and x,A(t),J'c;A(t),and ;ca,x(t) are the relative
displacement, relative velocity, and absolute acceleration at the top of equipment

specimen A, respectively.

The test series with Equipment Pairs No. 4, 3, and 1 were performed for low intensity
ground motions so that no damage occurred in the connectors. For the tests with
Equipment Pairs No. 2 and No. 5, higher intensity ground motions were used to evaluate

the behavior of the various connectors for their full range of performance;

The spring connector 30-2022 exhibited slight inelastic behavior in Tests RB-7, RB-100,
RB-101, RB-138, and RB-139 (pages E3, E35, E36, ES5, and E56) and severe yielding in
Tests RB-102, RB-103, RB-140, and RB141 (péges E37, E38, E57, and ES8). In these

latter tests, maximum axial strains in excess of 10 000 ue were recorded in the spring

connector.

Figure 5.8 shows photographs of the spring connector at the completion of Test RB-103.

The yiclding regions are clearly visible along with the significant permanent vertical

deformation between the two ends of the connector.
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Figure 5.8 Spring 30-2022 After Shake Table Test No. RB-103.

The bus slider performed well except for Tests RB-18 and RB-148 where the shaft came
out of the aluminum pipe during the shaking. This induced sever impact loading between
the shaft and the pipe as shown by the very large forces and accelerations recorded at the
top of the generic equipment specimens. After Test RB-18, the looped cables had yielded
permanently and it was not possible to re-insert the shaft inside the pipe. The unit had to
be replaced for the following tests. Figurc 5.9 presents a photograph of the bus slider at
the end of Test RB-18. This damage could be avoided by increasing the available travel
distance of the shaft inside the aluminum pipe.

Figure 5.9 Bus Slider After Shake Table Test RB-18.

-49-



The BPA isolator did not suffer any visible damage during the shake table testing. For the
largest intensity tests (Tests RB-121, RB-122, RB-123, and RB-156), significant second-
order vertical deflections were observed between the top and bottom ends of the isolator.

These deflections introduced significant bending strains in the two load cells.

The physical arrangement of the rigid bus along with its significant mass caused a rigid-
body rotation of the whole specimen during some of the tests, since no torsional stiffness
was provided by the load-cell connections. This observation suggests that a rigid bus
equipped with a BPA isolator could induce significant torsional couples at the top of the

equipment under transverse seismic loading.

The maximum experimental values recorded for all seismic tests are summarized
presented in Table 5.9. Included in this table for each seismic test are: the maximum
relative displacement and maximum absolute acceleration at the top of both equipment
specimens, and the maximum force induced in the connector. Note that, although no
yielding occurred in the equipment specimens, the behavior of the stand alone equipment
specimens is not perfectly linear (e.g. the maximum displacement and acceleration values
more than double when the ground motion intensity is increased by a factor of two). This
non-linearity is parsticularly important for equipment specimens A (1 and 2 in Table 5.5),
and is believed to be the results of the rocking of the base.

The ma:éimum forces induced in the various connectors during the seismic shake table
tests are: presented in Figs. 5.10 and 5.11. The results are presented for each ground
motion, equipment pair, and intensity level. The BPA connector, being more flexible than
the other two connectors, consistently induces the smaller forces. The spring connector

consistently induces the largest forces.
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Figure 5.10 Maximum Forces in Connectors, Newhall Ground Motion.
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Figure 5.11 Maximum Forces in Connectors, Tabas Ground Motion.
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The effect of the various connectors on the dynamic response of the generic equipment
specimens can be evaluated by defining a Displacement Amplification Factor (DAF) and

an Acceleration Amplification Factor (AAF) as:

_ Maximum Relative Displacement of Interconnected Equipment

DAF
Maximum Relative Displacement of Stand Alone Equipment

(5.2

AAF = Maximum Absolute Acceleration of Interconnected Equipment (5.3)
Maximum Absolute Acceleration of Stand Alone Equipment )

The DAF and AAF values computed at the top of Equipment A and Equipment B during
the seismic tests are presented in Figs.5.12 to 5.19. The results are presented for each

ground motion, equipment pair, and intensity level.

The presence of rigid bus connectors can amplify or reduce the dynamic response of
equipment components depending on their dynamic characteristics and the frequency
content and intensity of the earthquake ground motion input. In general, the displacement
at the top of the lighter and stiffer equipment B is more amplified than the displacement
at the top of the heavier and more flexible equipment A.

Among the three connectors investigated, the bus slider consistently reduces the response
at the top of both equipment specimens. The only case where the bus slider amplifies the
response is for equipment B of Pair No. 5 under the 100% Newhall ground motion.

This response reduction occurs despite that the bus slider induces larger forces than the
BPA connector does (see Figs. 5.110 and 5.11). The energy dissipation capacity of the
bus slider is larger than of the BPA connector and causes an increase of the equivalent

damping of the coupled system.
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6 -~ CONCLUSIONS .

The quasi-static and shake table tests performed in this project has provided an
opportunity to evaluate the interactions between components of substation equipment
connected by both flexible and rigid bus. The tests have provided also validation data for

a current PEER-PG&E analytical project.

Based on the results of the quasi-static tests performed on flexible and rigid bus

connectors, the following conclusions can be drawn:

¢ The copper alloy used to manufacture the three spring connectors tested (Parts 30-
2021, 30-2022, and 30-2023) exhibits almost a perfect elastic-plastic bchavior that
can be characterized by an elastic modulus of 14 100 ksi and yield strength of 27 ksi.

* The modcling of spring connectors by straight linear-elastic frame elements with a
commercial structural analysis package is reasonably accurate to estimate the elastic
stiffness, yield force and yield displacement of the connectors.

e The three spring connectors tested exhibited large and stable hystéresis loops with
good energy dissipation capabilities. For ductility levels less than four, the hysteresis
loops were nearly symmetric in tension and compression. For larger deformations,
tension-stiffening effects were observed. These effects were more predominant for
spring 30-2021. Finally, the load level developed by spring 30-2023 was significantly
lower than the loads induced in the other two spring connectors.

e For the two spring connectors tested to failure (30-2022 and 30-2023), a brittle
fracture occurred across the net area of the cast-aluminum terminal pad connection
that is welded to the aluminum tubing. Failure stresses less than 4 ksi were recorded.

® The load-displacement hysteretic behavior of the three spring connectors tested can
be simply modeled by a bi-linear solid. '

e The equivalent damping ratios of the three spring connectors increase with
displacement amplitude, indicating higher energy dissipation capacity at large

inelastic displacements. Spring 30-2021 and spring 30-2022 exhibit damping ratios
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significantly higher than the more flexible spring 30-2023 for the complete range of
displacement amplitudes considered in the tests.

‘e The rigid bus slider tested exhibited a behavior that is typical of a Coulomb-type
friction system coupled with an elastic restoring force mechanism. The hysteretic
behavior of the bus slider tested can be simply modeled by a rigid-plastic solid with a
slip force of 53 Ibs and a post-slip stiffness of 83 Ibs/in. ,

+ Contrary to the spring connectors, the equivalent damping ratio of the bus slider
decreases slightly with displacement amplitude. For the range of displacements
allowed by the slider, however, the equivalent viscous damping ratios provided by the
bus slider were higher than the ones exhibited by the three spring connectors. This
result indicates the superior energy dissipation capacity of the bus slider at small
displacement amplitudes. '

 For the lengths of the two flexible bus specimens tested (15 ft), the flexural stiffness

- of the cables played an insignificant role in the load-displacement responses. The
specimens can be simply modeled by an elastic gap element.

e For the 1113 MSM bundled conductors tested, the two cables were manufactured

with different lengths causing one cable to be taut much more than the other one.

Based on the results of the shake table tests performed on four different pairs of generic
equipment connected by three different types of rigid bus connectors, the following

conclusions can be drawn:

e The natural frequencies measured on the generic equipment specimens interconnected
by the bus assemblies were always between the natural frequencies obtained for the
uncoupled equipment specimens. The lowest natural frequencies were obtained with
the BPA isolator, while the highest natural frequencies corresponded to the pairs of
equipment connected by the rigid bus slider. _

e The spring connector (30-2022) tested performed similarly as the quasi-static tests.
Yielding occurred under the highest intensity ground motions along with significant

~ vertical deformation at the end of the aluminum pipe.
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The bus slider performed well except for two high intensity tests where the shaft
came out of the aluminum pipe during shaking. This induced sever impact loading
between the shaft and the pipe as shown by the very large accelerations recorded at
the top of the generic equipment. This damage could be avoided by increasing the
available travel distance of the shaft inside the aluminum pipe and by increasing the
length of the looped cables to avoid an undesirable increase of the elastic restoring
stiffness.

The BPA isolator did not suffer any visible damage during the shake table testing

The physical arrangement of the rigid bus and BPA assembly along with its
significant mass caused a rigid-body rotation of the whole specimen during some of
the tests. This observation suggests that a rigid bus equipped with a BPA isolator
could induce significant torsional couples at the top of the equipments under
transverse seismic loading.

The BPA connector, being more flexible than the other two connectors, consistently
induces the smaller forces. The spring connector consistently induces the largest

forces.

Among the three connectors investigated, the bus slider consistently reduces the
response at the top of both equipment specimens. This response reduction occurs
despite that the bus slider induces larger forces than the BPA connector does. The
energy dissipation capacity of the bus slider is larger than of the BPA connector and

causes an increase of the effective damping of the coupled system.
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APPENDIX A

DRAWINGS OF RIGID AND FLEXIBLE BUS SPECIMENS



To: Andre Filiatrault/Ahmed Elgamal, UCSD, Fax 6}9/822-2260
From: Fric Fujisaki, PG&E 415/973-9857, Fux 415 973-9209

PEER-PG&E Task 2C
Substatine Equipment Intersction

The attached figures outline the hardware associated with the suggested experiments for Task 2C. These
are described as follows: L
AL
1. Rigid bus with spring conncctors (dwg. 417440 Figures 1, 2, and 3). 4,3"’ dia. alorminum pipe with
welded cad fittings, rigidly connccted at one end. nnd having spring connector at other end. 3” standard
NEMA tenninal pads to be used. Three different springs proposed (Figures 1, 2, and 3).
&

2. Rigid bus with slider connector {dwg. 0462267 Type 221A). @3“"din. sluminum pipe with welded
end fitting on one end, stider connector on other end. 47 standard NEMA pad on slider end, 3" pad on
other. Bolt hole pattern for 3" and 4” pads are the same; bolt bole edge distances different (sce figures).

3. Vartious cable connectors with either 3* or 47 standard NEMA terminat pads t their ends. The exact
cables to be used are ot yet detemined.

4. “BPA type connector with 4” dia. rigid bus. This experiment will be similar to the tests dore by
BPA at Portland State University, except that the boundary conditions used will be different. A BPA
flexible connector will be attached at one end of 8 4" dia. rigid bus (aluminum tube) at one end. The
other cnd of the 47 rigid bus will have two 45 degrec bends, ending in a vertically oriented terminal pad.
Ali terminal pads will be‘.ﬁjﬁm:gg::{nm?'d(nzcds further discussion with BPA).

L TeNdr R
Adaptabitity of Support Hardware: The support hardware in the experimens that represents the two
picces of substation equipment should be designed to accommodate the diffcrent types of terminal pads
described ahove. These differences include terminal pad size, bolt hole size and spacing. and erientation
of the pad (horizontal and vertical). 1t would be beneficial to design the bus support points to be able to
accept a bolt-on adapter such that the appropriate type of terminal pad could bz installed and changed
easily. Since terminal pad strength is not the focus of this project, the pads en the equipment ends could
be made as st and swrong s necded.

[T
JELIAR

Support Spacing on the Shake Table: This needs further discussion. The spacing is probably not critical
for rigid bus, but some pravisions for testing different lengths for flexible bus is desirable.

Instrurnentation for Sheke Table Tests: Yo addition 1o displacements and accelerations at the temminal
pads, there should be some way 10 measure forces applicd to the serminals, since this is an important
parameter for the equipment that is actually attached to the term inals in the field. The axial force in the
bus is probably the most important, but maybe there are other components of force that should alse be
measured (e.g., for eccentrically loaded connzctors); needs some thought.
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PG&E-PEER Project Task 2C

" The following summarizes the required parts and assemblies to be provnded by PG&E.

Ttem Description PG&E Ident./Code Number { Sketch
.M,d
Spring connector Flexible connector, Dwg. 417440, Grp. 3, Figure 1, 2 1
5 | 2000A, 3" NEMA pad code 30-2021
Spring connector Flexible connector, Dwg. 417440, Grp. 3, Figure 2, 2 1
2000A, 3" NEMA pad | code 30-2022 . .
Spring connector Flexible connector, Dwg. 417440, Grp. 3, Figure 3, 2 1
2000A. 3" NEMA pad code 30-2023 .
‘Rigid bus assy., 4” dia. SPS, aluminum | Terminal pads: Dwg 046267 1 assy. 1
straight rigid bus, make from Type 174, code 30-4122 at
10°-0" long pipe, with each end. ’
offset terminal pads Alternate: Dwg. 046267 'Iype
attached. 608, code 30-0233.
Rigid bus-slider assy | 4" dia. SPS, aluminum | Slider connector: ‘Dwg 046267 2 assy. 2
rigid bus, make from Type 221A, code 30-4462. |-
10°-0" long pipe, with Alternate: Dwg. 046267, Type
slider connection on one | 685, code 30-0381.
end, offset terminal pad ‘
on other end, attached. | Terminal pad: Dwg, 046267
Type 174, code 30-4462.
Alternate: Dwg. 046267 Type
_ ] 608, code 30-0233. .
Rigid bus with (2)-45 | 4” dia. SPS, aluminum Terminal pads: Dwg, 064116 . | 1 assy. . 4
deg. bends. rigid bus, make from Figure 14, code 30-4404 at
10°-0” long pipe, 2°-0” | each end.
drop, offset terminal Alternate: Dwg. 046267 Type
pads attached at each 608, code 30-0233 at each end.
. end. .
Flexible jumper, 2300 | 15°-0” long, AAC, with | End fittings: Dwg 046267 1 3
MCM single - compression end fittings. | Type 317, code 30-3544. :
conductor
Flexible jumper, (2)- | 15’-0” long, AAC, with | End fittings: Dwg 046267 1 3
1113 MCM bundled | compression end fittings, | Type 316, code 30-3457.
conductors 2 spacers. 1 Spacers: Dwg 046267 Type
- 390, code 18-8559.
Flexible jumper, (2)- |25'-0" long, AAC, with | End fittings: Dwg 046267 1 3
2300 MCM bundled | compression end ﬁmngs, Type 317, code 30-3544,
conductors - 2 spacers. Spacers: Dwg 046267 Type
391, code 18-8569.
Spare rigid bus 4" dia. SPS aluminum Spares for expanding length of 4 .NA
rigid bus specimens if needed
Welded splice Splice connectors for 4” .| Dwg 046267 type 203, code 8 NA
connectors SPS aluminum rigid bus | 30-7139. 5
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APPENDIX B

SHOP DRAWINGS OF GENERIC EQUIPMENT SPECIMENS




EQUIPMENT 1 : 2 Hz 800lbs
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EQUIPMENT 3 : 6 Hz 150Ibs
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EQUIPMENT 4 : 12 Hz 1501bs
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BRACING ELEMENT FOR EQUIPMENT 4
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APPENDIX C

RESULTS OF FREQUENCY EVALUATION TESTS




TEST RB-1
EQUIPMENT COMBINATION 4
INDIVIDUAL EQUIPMENT

Spectral Density Equipment A

8000.0

w

& 60000 1.88 Hz
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2 40000 .

H - | o

& 20000 L 297311z

0.0 .
o 10 20 30 40
: Frequency (Hz)
80000 Spectral Density Equipment B

o 5.55Hz

& 60000

Q

E 4000.0 2828 Hz

e

5 20000

0.0 J L
0 10 20 30 40
Frequency (Hz)

C2




Amplitude (g-s)2

Amplitude (g-s)2

Phase (deg)

Coherence

TEST RB-4

EQUIPMENT COMBINATION 4
SPRING 30-2022 CONNECTOR

Spectral Density Equipment A

6000.0 :
3.79Hz 1731 Hz
4000.0
Qil Column
20000 . 2 J9Hz \
72Hz
0.0 )L A A \
0 10 20 ... 30 40
Frequency (Hz)
20000 Spectral Density Equipment B
379Hz :
13000 32.19Hz
10000 i
5000 6.72 Hz
{ JL 1731 Hz
0.0
0 10 20 - 30 40
Frequency (Hz)
Phase Equipment A-B
200.0 Equip
150.0 - t
100.0 “ — —
0.0 T 1
0 10 20 30 40
Frequency (Hz)
12 Coherence Equipment A-B
1.0
08 o ll 1 3
06 o I " ‘ 1 l .‘ J l +
0.4 - —]
0.2
0.0 1 i
0 10 30 40

C3

20
Frequency (Hz)




TEST RB-10
EQUIPMENT COMBINATION 4

INDIVIDUAL EQUIPMENT
60000 Spectral Density Equipment A
o 16.80 HA
) 1.838Hz
o 40000
~
=
g- 20000
: J 2921 Hz
0.0
0 10 20 30 40
. Frequency (Hz)
Spectral Density Equipment B
o 120000 15357
% 10000.0
\::9 8000.0
E 6000.0
g_ 4000.0 28.2:2Hz
20000 | 8321%
00
0 10 30 40

20
Frequency (Hz)

C4




Amplitude (g-s)2

Amplitude (g-s)2

Phase (deg)

Coherence

TEST RB-13

EQUIPMENT COMBINATION 4

BUS SLIDER CONNECTOR
Spectral Density Equipment A
1000 Oil Column
80.0
430Hz
60.0
40.0 —
20.p8 Hz
200 14921z \
0.0 -« -
0 10 20 30 40
Frequency (Hz)
Spectral Densit uipment B
60,0 P y Equip
500 430Hz
40.0
300
200 2008 iz Ol Colurm
10.0
00 4t 1422H2
0 10 20 30 40
Frequency (Hz)
Ph i t A-B
2000 ase Equnpms::nl
1500 i TN
100.0 | I I'
50.0
00 1 T |
0 10 20 30 40
Frequency (Hz)
12 Coherence Equipment A-B
1.0
os | - ' 13\
06 1 -
0.4 = i l] t — L
0.2 —
00
0 10 30 40

20
Frequency (Hz)

C5




Amplitude (g-s)2

Amplitude (g-s)2

Phase (deg)

Coherence

TEST RB-22
EQUIPMENT COMBINATION 4
- BPA ISOLATOR CONNECTOR

Spectral Density Equipment A

2500 242Hz
200.0
150.0
1000 15391z
300 27381E
434 Hz .
00 1 JL Al
0 10 20 30 40
Frequency (Hz)
2000 Spectral Density Equipment B
434 H7
150.0
100.0
2746 Hz
2.3lJ[z 2352Hz L Oil Column
0 10 20 30 40
Frequency (Hz)
2000 Phase Equipment A-B
150.0 {4— an
100.0 -1
50.0
00 + T
0 10 20 30 40
Frequency (Hz)
12 Coherence Equipment A-B
1.0
0.8 - - f
06 - b ]
0.4 | 1l
02 1
0.0 1 T L
0 10 20 30 40

Frequency (Hz)

Cc6




TEST RB-33

EQUIPMENT COMBINATION 3

Amplitude (g-s)2
— N (7] H
o 8 8 8 8
5 © © o ©

: s

Amplitude (g-s)2
—_ N
g 8
o o o

o
o

INDIVIDUAL EQUIPMENT
Spectral Density Equipment A
16.88 Ht
1.88Hz
29.22\Hz
- |
0 10 20 30 40
Frequency (H2)
Spectral Density Equipment B
4.10 Hz
| 0Oil Column
0 10 30 40

20
Frequency (Hz)

C7



Amplitude (g-s)°

Amplitude (g-s)2

Phase (deg)

Coherence

TEST RB-36
EQUIPMENT COMBINATION 3
SPRING 30-2022 CONNECTOR

Spectral Density Equipment A

6000.0
301 Hz 17.31 H4
4000.0
2000.0
' 32.50Hz
6.60 Hz.
0.0 L. i ,JL A
0 10 20 30 40
Frequency (Hz)
40000 Spectral Density Equipment B
‘ 3.0l Hz
3000.0
2000.0
1000.0 -
6.60 Hz 1731}z Gil Column
0.0 . b
0 10 20 30 40
Frequency (Hz)
2000 Phase Equipmcr;t A-B
150.0
1000 H
50.0
0.0 L1
0 10 20 30
Frequency (Hz) 40
. ~2 Coherence Equipment A-B
1.0
0.8 1 i [} | } H i
0.6 i '
1. ? 'Hl.nl. . 1 r
04 1 [N : ) lu ' l
02 ] ] l Jl ;I :‘
0.0 T ¥ T :
0 10 30 40

20
Frequency (Hz)

Cc8




Amplitude (g,-'s.)2 Amplitude (g-s)2

Phase (deg)

Coherence

TEST RB-45
EQUIPMENT COMBINATION 3

BUS SLIDER CONNECTOR
200 Spectral Density Equipment A _
3.16 Hz : O1] Column
60.0
40.0
20.0 . 1543 Hz
20,04 Hz ' L
00 +—2 4
0 1 20 30 40
Frequency (Hz)
2000 Spectral Density Equipment B
Oil Column
150.0
1000 3.16Hz
50.0 Jl :
' 1543Hz 2004Hz J
00 4 k
0 10 20 30 40
- Frequency (Hz)
Phase Equipment A-B
200.0 Equip
150.0 |
100.0 l
50.0 i ftit
00 T t
0 10 20 - 30 40
. Frequency (Hz2)
12 Coherence Equipment A-B
1-0 : n
0.8 — — R
06 ¥l }
04 1 ‘ ll 1
02 :
00 I T - . 1
0 10 30 40

20
Frequency (Hz)

c9




Amplitude (g-s)2 Amplitude (g-s)2

Phase (deg)

Coherence

TEST RB-54

EQUIPMENT COMBINATION 3
BPA ISOLATOR CONNECTOR

Spectral Density Equipment A

250.0
200.0

234Hz

150.0

100.0

1566 Hz

500

0.0 ﬂ_]f A0Hz

0

l 2078 Hz

10 30 40

20
Frequency (Hz)

Spectral Density Equipment B

160.0
1200

Oil Column

"

1566Hz
I 2078 Hz

A

200.0

10 30 40

20
Frequency (Hz)

Phase Equipment A-B

il

150.0 - '

100.0

50.0 A

00

12

10 20 30 40
Frequency (Hz)

Coherence Equipment A-B

10

0.8 1 n

0.6 4+

0.2
0.0

10 30 40

20
Frequency (Hz)

Cclo



Amplitude (g-s)2

Amplitude (g-s)

EQUIPMENT COMBINATION 1

TEST RB-66

INDIVIDUAL EQUIPMENT
. -nsit .
5000 Spectral Density Equipment A
4000 1.99He
300.0
200.0
100.0
19.84 Hz 2§87 Hz

0.0+ 41—

0 10 20 30 40

Frequency (Hz) '
15000 - jpectml Density Equipment B
12500 141412 —
1000.0 Qil Column
750.0
500.0
250.0
0.0 .
0 10 20 30 40
Frequency (H2)

Cil



Amplitude (g-s)2

Amplitude (g-s)2

Phase (deg)

Coherence

TEST RB-69

EQUIPMENT COMBINATION 1
SPRING 30-2022 CONNECTOR

Spectral Density Equipment A

1000.0

238Hz

800.0

600.0 1—

400.0

200.0

0.0 iy

5.15H

N~

20/08Hz 29.18Hz

0

20
Frequency (Hz)

Spectral Density Equipment B

30 40

400.0

2.38Hz

300.0

200.0

4.80Hz

Oil Column

100.0

0.0 J

S31Hz
n : 2008 Hz

et

10 20
Frequency (Hz)

Phase Equipment A-B

30 40

200.0

150.0 -~

| ol

100.0

50.0

0.0

o

10 20
Frequency (Hz)

Coherence Equipment A-B

30 40

1.2

1.0

0.8

| ¢

04 -]

0.2
0.0

10 30

20
Frequency (Hz)

C12



Amplitude (g-&s)2 Amplitude (g-s)z

Phase (deg)

Coherence

TEST RB-76
EQUIPMENT COMBINATION 1

BUS SLIDER CONNECTOR
4000 Spectral Density qupmcntA‘
2.54Hz
300.0
200.0 -
Oil Colunn
100.0
| ospry 25X
0.0 4
0 1 20 30 40
Frequency (Hz)
4000 Spectral Density Equipment B
254Hz
300.0
200.0
’ Oil Column
100.0
00 Ji 19801z ogo0Hz A
0 10 20 30 40
Frequency (Hz)
2000 Phase Equipment A-B
150.0 -
100.0 A
50.0 ) l‘
00 ll Py nunl.
0 10 20 30 - 40
Frequency (H2)
12 Coherence Equipment A-B
1.0
08 14~ -V "k
0.6
04 - g
0.2 A -9 -
0-0 ¢ L] L}
0 1 30 40

20
Frequency (H2)

CI3



Amplitude (g-s)2

Amplitude (g-s)2

Phase (deg)

Coherence

TEST RB-83
EQUIPMENT COMBINATION 1
BPA ISOLATOR CONNECTOR

Spectral Density Equipment A

400.0
300.0

207Hz

200.0

100.0

oo L

20081z 2879Hs

3239Hz

0

10

20 30
Frequency (Hz)

120.0

Spectral Density Equipment B

207Hz

Oil Column

80.0

340Hz

60.0

40.0

200

L

2008Hz A

00

10

20
Frequency (Hz)

Phase Equipment A-B

200.0

150.0

K

100.0

50.0 ’

0.0

10

T T

20 30
Frequency (Hz)

Coherence Equipment A-B

40

1.2

1.0

0.8 14k

0.6 -
0.4 1
0.2
0.0

10

20
Frequency (Hz)

30

Cl4

40




Amplitude (g-s)z

Amplitude (g-s)2

TEST RB-93

EQUIPMENT COMBINATION 2

INDIVIDUAL EQUIPMENT

5000 Spectral Density Equipment A
400.0 1.99 He
300.0
200.0 1

100.0

19.84 Hz 2887Hz
- 00 4
0 10 20 30 40
Frequency (Hz)
100000 Spectral Density Equipment B
5.55Hz
SOW.O
6000.0 -
2828 Hz
4000.0
2000.0
oo —A
10 20 30 40
Frequency (H2)

CI5



Amplitude (g-5) Amplitude (g-s°

Phase (deg)

Coherence

TEST RB-96

EQUIPMENT COMBINATION 2
SPRING 30-2022 CONNECTOR

Spectral Density Equipment A

250.0
258Hz
200.0
150.0
100.0
50.0
| 582Hz 2004Hz 2883Hz
00 . T
0 10 20 30 40
Frequency (Hz)
100.0 Spectral Density Equipment B
80.0 258 Hz Oil Column
582Hz
60.0
40.0
20.0 t
2008 Hz
0.0 . L
0 10 20 30 40
Frequency (Hz)
2000 Phase Equipment A-B
1500 T—f1 -
100.0 1l
50.0
oo M )
0 10 20 30 40
Frequency (Hz)
Coherence Equipment A-B
|
i
I _ ]
0 10 30 40

20
Frequency (Hz)

Cl6



Amplitude (g-s)2

Amplitude (g-s)2

Phase (deg)

Coherence

TEST RB-107
EQUIPMENT COMBINATION 2

BUS SLIDER CONNECTOR
4000 Spectral Density Equipment A
305Hz
300.0
200.0
1000 2602 Hz
] 1980 Hz Oil Column
00
0 10 20 30 40
Frequency (Hz)
4000 Spectral Density Equipment B
3.05Hz
300.0
200.0
26.02Hz
100.0
19,80 Hz
00 +—
0 10 20 30 40
Frequency (Hz)
2000 Phase Equipment A-B
150.0 1 ‘ iy
5 |
100.0 ¢ il ,]I ‘]l“|
500 | AT
00 J!nh_ | ) '
0 10 20 30 40
Frequency (Hz)
12 Coherence Equipment A-B
1.0
0.8 - Li i
0.6 1 1 it
04 - : y —]
0.2 : | -
00 1 1
0 10 30 40

20
Frequency (Hz)

Cc17



Amplitude (g-s)2 Amplitude (g-s)2

Phase (deg)

Coherence

TEST RB-116
"EQUIPMENT COMBINATION 2

BPA ISOLATOR CONNECTOR
Spectral Density Equipment A
1000 2.07Hz
80.0
60.0
40.0
200
422Hz 29.08Hz
0.0 += Y =
0 10 20 30 40
Frequency (Hz)
1200 Spect:[l Density Equipment B
1000 4.22
80.0
60.0
400 Oil Column
200 207}z 20.08Hz
0.0 -
0 10 20 30 40
Frequency (Hz)
2000 Phase Equipment A-B
150.0 1 '
i |‘ N
100.0 - ' i I i i
500 - ’ ! m ' ilita
00 ' N .
0 10 20 30 40
Frequency (Hz)
12 Coherence Equipment A-B
1.0
08 14
06 | -
0.4 - 1 l 1 l I ll ] st
0.2 1,
0.0
0 10 20 30 40

Frequency (Hz)

Ci18



TEST RB-130
ADDITIONAL TESTS EQUIPMENT COMBINATION 5

INDIVIDUAL EQUIPMENT
20000 Spectral Density Equipment A
7N 1.99 HzZ
& 15000
3]
~
£ 10000
j=8
5 50004
20.117Hz
00 T -
0 10 20 30 40
Frequency (Hz)
10000.0 Spectral Density Equipment B
e 12.23 H4
& 8000.0
3]
< 6000.0
"—EZ 4000.0
< 20000
00 A
0 10 20 30 40
Frequency (Hz)

Cl19



TEST RB-133

ADDITIONAL TESTS EQUIPMENT COMBINATION §

Amplitude (g-s)2

Amplitude (g-s)2

Phase (deg)

Coherence

SPRING 30-2022 CONNECTOR

Spectral Density Equipment A
296Hz

200.0

150.0
2854 Hz

100.0
500 . 19.65 Hz l
1137Hz JL

00 JL A . }
30 40

0 10 20
Frequency (Hz)

Spectral Density Equipment B
11.37Hz

2000.0

1500.0

1000.0

500.0

296 Hz L

0.0

0 10 30 40

20
Frequency (Hz)

Phase Equipment A-B

200.0

]500 T e h

1000 H—— { Hi

50.0 .
[

0.0 - - T

0 10 - 20 0
Frequency (Hz) 3 40

Coherence Equipment A-B

1.2
1.0
0.8 1
06 -
0.4

0.2 -1 H
00

0 10 30 40

20
Frequency (Hz)

C20



TEST RB-142

ADDITIONAL TESTS EQUIPMENT COMBINATION 5
BUS SLIDER CONNECTOR

Amplitude (g-sy’

Amplitude (g-s)2

Coherence

Phase (deg)

Spectral Density Equipment A

800.0

5.78Hz

400.0

200.0

A ' .

00

10 20 30
- Frequency (Hz)

Spectral Density Equipment B

40

800.0

578Hz

400.0

200.0

00

10 30

20
Frequency (Hz)

Phase Equipment A-B

40

200.0
150.0
100.0

50.0

i Moty
Lifl

¥ il

0.0 -

10 30

20
Frequency (Hz)

Coherence Equipment A-B

40

1.2

10

0.8 1
06
04
0.2

l

0.0

T T T

20 30
- Frequency (Hz)

C21

40



TEST RB-149
ADDITIONAL TESTS EQUIPMENT COMBINATION §

BPA ISOLATOR CONNECTOR
Spectral Densit uipment A
200.0 p y Equip
N,,-{)\ 2.11Hz
&0 600.0
[
=)
2 4000
=
5 2000
0.0
0 10 20 30 40
Frequency (Hz)
Spectral Densit uipment B
800.0 p y Equip
& 600.0
] 842Hz
2 4000
-
5 2000
JL 1543H4  23.56Hz
0.0
0 10 20 30 40
Frequency (Hz)
Phase Equipment A-B
2000 Equip
T 1500 4
Z
1000 i
=
[+ 3
50.0 i
0.0 +
0 10 20 30 40
Frequency (Hz)
10 Coherence Equipment A-B
o 08 i
= w4 |
8 06 +llilth ' —
L
G
S 04 - H -
0.2 -t -
0.0 7 T -
0 10 30 40

20
Frequency (Hz)

C22



APPENDIX D

RESULTS OF DAMPING EVALUATION TESTS



TEST RB-2 AND TEST RB-3
EQUIPMENT COMBINATION 4

INDIVIDUAL EQUIPMENT
Acceleration Equipment A
- 0.60 0.4372 - 0.3833
< 040 A a
£ omodd A AL AL AN NN
ol IV Y IR\ A Y A W N
cAes VRN WAR WA WL,
< 0w Y v IV VY
-0, e 03263
-0.60
200 250 300 _ 350 400 450 500
Time (s)
1.50 Acceleration Equipment B
B o0 058
g 0.50 n n AN A Ala & A01574.7
£ o A
CRe TRV RATATRA VAR VRVAVAVAY
< 0 yvyvuvyv -0.5016
’ -0.9052
-1.50
200 250 300 _350 400 450 500
Time (s)
Equipment First Double Second Double Number of Damping Ratio
Amplitude Amplitude intermediate 1 I Al
Al (g) A2 () cyles,p | ¢ =25 22
A 0.8123 0.7096 4 0.0053
‘B 1.9038 1.0763 13 0.0070
Mean Damping Ratio —

D2




TEST RB-5 (FIRST MODE)
EQUIPMENT COMBINATION 4
SPRING 30-2022

0.30

Acceleration Equipment A

@ 020 9‘2472 A N . 0.1775
g opd VA ATA A
ey A ANANAIAWAINAWA!
e NI RYRYBYR VAV
el IRVERVERVERVERVAR
-0'30 V0.262 \Y -0.1843
2.00 250 Tir%it(:)%s) 3.50 4.00
Acceleration Equipment B
i) gfg 01473 U131
R A AT A AN A AN AWA
e I R R YR A WA
o W W L W O\ AL W
WA A V8V A7 AV
' h 0.0947
:g;(s) -0.1424
200 250 3.00 3.50 400
Time (s)
-Equipment First Double Second Double Number of Damping Ratio
: Amplitude Amplitude intermediate ‘= 1 n Al
Al (g) A2 (g) cycles, p 2mp \ A2
A 0.5093 0.3618 6 0.0091
B 0.2897 0.2078 6. 0.0088
Mean Damping Ratio - 0.0090

D3




TEST RB-5B (SECOND MODE)
EQUIPMENT COMBINATION 4

SPRING 30-2022

Acceleration Equipment A

020 0.1631

s Il aores
2 ol LA AR A A
sV RTAVATRTATATRVATRVATAA'A
) -yw(\jg Y -0.0735
_0'203.00 3.50 . TlﬁncO(%s) 450 5.00
Acceleration Equipment B
Yy
e AVAVATAVAVAVATAVAY Y
vV Vv -0.1352
040 -X3153
. 3.00 3.50 - Tir‘:ieoc()s) 450 5.00
Equipment First Double Secand Dauble Number of Damping Ratio
Amplitude Amplitude intermediate 1 Al
Al (g) A2 (g) cycles, p ;zﬁ "(Az)
A 0.3232 0.1530 11 0.0108
B 0.6306 0.2629 12 0.0116
Mean Damping Ratio 0.0112

D4




TEST RB-11 AND TEST RB-12
EQUIPMENT COMBINATION 4

INDIVIDUAL EQUIPMENT
080 Acceleration Equipment A ‘
= 060
2 0.4741 N R 04241
8 o N AN NI
Ao N N L Y J L Y A W A
T 020 AN RN A RN AR WA \
S o d AL TN T AT NJT \JI\
< 04017y U o ~ ¥ 04314
-0.60 04303
-0.80
3.00 3.50 400 _ 450 5.00 5.50 6.00
.Time (s)
Acceleration Equipment B
2 100 N 0.7084
g A AN A A
S. 050
g 0% Iy
§ X AVIVATRVAFRVAJAVAY
< 10 L VUIVVY VYV oeren
-1 \
150 112405 1
' 3.00 3.50 400 _450 500 550 600
- Time (s)
Equipment First Double Second Double [ Number of Damping Ratio
Amplitude Amplitude intermediate 1 | Al
Al (9) A2 (9) cydles,p | ¢ =55 22
- A 0.9644 0.8555 4 0.0048
B 1.4913 1.3875 14 0.0008
Mean Damping Ratio ' —

DS




TEST RB-14

EQUIPMENT COMBINATION 4

BUS SLIDER
Acceleration Equipment A
~ 008 75055
\::3 3-$ N ~ 0.0359
NI A A NN
e AN AWIIWAWAWAVAWAY
AR RVILY ARV ARYMLVARY
< _0'04 vVoviy A -0.0081
006 L0014
2.00 2.50 .3.00 3.50 4.00
Time (s)
0.10 Acceleration Equipment B
S oog 00673
5 006 N R 0.0468
iAW WAW WAWAFAWA
[ AVANI\VAVEVAYE VY,
' -0.002
-0.02 00764
-0.04
200 2.50 3.00 3.50 4.00
Time (s)
Equipment First Double Second Double Number of Damping Ratio
Amplitude Amplitude intermediate 1 | Al
Al (g) A2 (g) cycles,p | ¢ 2\ A2
A 0.0839 0.0440 6 0.0171
B 0.0837 0.0488 6 0.0143
Mean Damping Ratio 0.0157

D6




TEST RB-23 (FIRST MODE)
EQUIPMENT COMBINATION 4
BPA ISOLATOR

Acceleration Equipment A

0.20

= 0.1312
§ 0107 0.0407
£ om0 \ /\ /\ AWA! /\V/\
g oAV V[V Y Y oges
< 010 TV
020 -0.1281
2.00 3.00 .4.00 5.00 6.00
Time (s)
0.02 Acceleration Equipment B
C 00l 0.0071 .
& v 0.0036
AR AVARVAL VAW BT VA VIVALY
< '0.0 l .0.m73 .0-m75
-0.02
2.00 3.00 400 5.00 6.00
- Time (s)
Equipment First Double Second Double Number of Damping Ratio
. Amplitude Amplitude intermediate 1 | Al
Al () A2 (g) eyles,p | ¢ =20 "\ 22
A 0.2593 0.0772 7 0.0275
B 0.0144 0.0101 6. 0.0094
Mean Damping Ratio ' 0.0185

D7




TEST RB-23B (SECOND MODE)
EQUIPMENT COMBINATION 4

BPA ISOLATOR
Acceleration Equipment A
= 003 775 0206
= 0.02 I 00123
£ 00l A+ f
A AR A AT
Ao 0 1 Wl VY M /A
g oo W 0
' Yook |
003 L —2
2.00 2.50 3.00 3.50 4.00
_ Time (s)
0,08 Acceleration Equipment B
= 006 1204
S omdd A1 A A A 0.0177
A I A T A Y\ WA
g 00 EN AN RWRVIAVAWY,
2 oo A \V[ vl ~_ ¥ 5052
-0.06 \vl-o.osg —
-0.08
2.00 2.50 .3.00 3.50 4.00
Time (s)
Equipment First Double | Second Double Number of Damping Ratio
Amplitude Amplitude intermediate 1 | Al
Al (g) A2 (g) cycles, p | ¢ =50 "\ 22
A 0.0466 0.0216 6 0.0204
B 0.1437 0.0429 7 0.0275
Mean Damping Ratio 0.0240

D8




TEST RB-34 AND TEST RB-35
EQUIPMENT COMBINATION 3

INDIVIDUAL EQUIPMENT
0.60 - ;;ccelemtion Equipment A
& 04— 02613
g ol AN AL AL AN AN A
ool 7 VI A A A
el IR\ WA VA WA W AW
S VRV VARLVARRY
‘ -0.3973 -0.3485
-0.60
200 250 300 _350 400 450 500
Time (s)
0.60 Acceleration Equipment B
~ 0.3607 0.2779
X 040
5 ood N NALAAIA ALA AIA A in A
e FANAANAAWAVAWANAWAY/AWA
Rl | RVRRVR/AVAVRVAVRVAVAVA!
g YTV VvV vTyvTuY
040 1753540 - -0.2747
-0.60
2.00 2.50 3.00 _350 4.00 4.50 5.00
Time (s)
Equipment First Double Second Double Number of Damping Ratio
: Amplitude Amplitude intermediate 1 I Al
Al (2) A2 (2) cycles,p | =55 ™42
A 0.8123 0.7096 4 0.0054
B 0.7156 0.5526 10 0.0041
Mean Damping Ratio -—--

D9




TEST RB-37 (FIRST MODE)
EQUIPMENT COMBINATION 3
SPRING 30-2022

Acceleration Equipment A

0.80
& 050 0;37 N 03459
§ OO T T N TIN A TIA
AN WA R AW AW A WAN AW
T 020 1] VN AT AT AT AT \/
perdl LW ALY BV LY ARV ERVLY;
< -0.40 v} v \/ 0.3361
ggg -0.5187
2.00 2.50 3.00 _ 350 400 450 5.00
Time (s)
Acceleration Equipment B
o g'ig 0.4374 0.2743
s NN ANAWAWAWAWAWAWA
e WRVEVEVAVAVEVEVAY
o0\ VY LV LV VAN LA
:0'60 V' .g4320 -0.2858
2.00 2.50 300 _ 350 4.00 450 5.00
Time (s)
Equipment First Double | Second Double Number of | Damping Ratio
Amplitude Amplitude intermediate 1 [ Al
Al (g) A2 (g) cyles,p | ¢ =35 "4z
A 1.0558 0.6820 7 0.0099
B 0.8694 0.5601 7 0.0100
Mean Damping Ratio 0.0100

Dlo




TEST RB-37B (SECOND MODE)
EQUIPMENT COMBINATION 3
SPRING 30-2022

Acceleration Equipment A

0.15

& 010 4f P |
E oot LA MO ANRANNAA
s RVRIRTIVAYAVRIAVAVAAVAVAY
E_U\VVVV "ARY . <0.0514
-0.10 v—V
015 -0.1160
3.00 3.50 4.00 4.50 5.00
Time (s)
0.15 Acceleration Equipment B
~ 0.0897
& o.10 5 ;
§ oos -\ A-AHAAAh 0.0364
£ o A A A A A A A A
S VRYRVAVEVAVAYAVAYAVAVAVAYA'
g™ yvyyvuvy - .0.0379
010 175 5886
-0.15
3.00 3.50 T h%g%s) 4.50 5.00
Equipment First Double Second Double Number of Damping Ratio
Amplitude Amplitude intermediate 1 | Al
Al (g) A2 (g) cycles, p g“% "
A 0.2327 0.1052 10 0.0126
B 0.1783 0.0743 11 0.0127
Mean Damping Ratio 0.0127
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TEST RB-46

EQUIPMENT COMBINATION 3

BUS SLIDER
0.15 m— Acceleration Equipment A
& 010
AW AT AN I\WANTANA
e WV VALV ARV
g \/ V[V -0.0536
-0.10 -
-0.0976
-0.15
2.00 2.50 .3.00 3.50 400
Time (s)
0.15 Acceleration Equipment B
@ oo po® 00661
AW R AW ANTANY/
R IR/ BV EAVARVARY,
< 010 \v/ VI -0.0534
' -0.1052 |
-0.15
2.00 2.50 3.00 3.50 4.00
Time (5)
Equipment First Double Second Dauhle Number of Damping Ratio
Amplitude Amplitude intermediate 1 l Al
Al (g) - A2(g) cycles, p "o " 12
A 0.2016 0.1136 5 0.0183
B 0.2158 0.1195 5 0.0188
Mean Damping Ratio 0.0186
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TEST RB-55 (FIRST MODE)
EQUIPMENT COMBINATION 3
BPA ISOLATOR

Accceleration Equipment A

0.40

= 050 J02925
= o020 HA—+A—IA—A 01808
B T I Y
g 010 4—\I 1 \ 1A SN NS
oV B NV BV ARV A
< @ 2 -0.1639
-030 ~0.2691
-0.40
2.00 2.50 3.00 350 4.00 4.50 5.00
me (s .
0.10 Acceleration Equipment B
C 0.0569 0.0330
g 005 T :
T NN A A A A
3 \J V VIV IV V
< -005 [0.0306
-0.0530 )
-0.10
200 250 3.00 _3.50 4.00 4.50 5.00
me (s)
Equipment First Double Second Double Number of Damping Ratio
Amplitude Amplitude intermediate 1 | Al
Al (@) A2 (g) cydles,p | ¢ =25 ™42
A 0.5616 0.3447 5 0.0155
B 0.1099 0.0636 5. 0.0174
Mean Damping Ratio 0.0165
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TEST RB-55B (SECOND MODE)
EQUIPMENT COMBINATION 3
BPA ISOLATOR

Acceleration Equipment A

0.10
C 0.0561
g -—[ 00162
e AN ANAAA A Ao
8 \/ V VIV -0.0166
< -005 Y]
010 F0.0688
300 350 400 _450 500 550 600
Time (s)
Acceleration Equipment B
_. 920 o130
CR -
o I A A [ I Tloois
AN AW AN AW WAWAWAN N N,
S 005 4] S \VI \WAVAVAY) \/0%3
Lty VAR YARY '
-0.15
020 101225,
3.00 3.50 400 _ 450 5.00 550  6.00
Time (s)
Equipment First Double Second Double Number of Damping Ratio
Amplitude Amplitude intermediate 1 | Al
Al (g) A2 (g) cydles, p | £ =55 22
A 0.125 0.0328 8 0.0266
B 0.2569 0.0387 9. 0.0335
Mean Damping Ratio 0.0301
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TEST RB-67 AND TEST RB-68
EQUIPMENT COMBINATION 1

INDIVIDUAL EQUIPMENT
Acceleration Equipment A
= gfg 0.1479 0.1265
S oonodl—A—AL N Al A Al A A
R A T A A Y A Y
A T 1 O W A R
E-O:OS’\’\I\{ [ ] I\
§ e g
-0.15 vV VIV VIV Y
02 -0.1471 0.1253
2.00 3.00 .4.00 5.00 6.00
Time (s)
Acceleration Equipment B
~ 960 T 3607 0.2779
E AAAAA AN A A pls :
.2 020 AN
g oo A HIMARAIAARATRAAN
ool AVATAVRURVRVAVA\RVAVAVAVAVAATAY
TPV VVyV vV : LA
040 153529 -0.2747
-0.60
2.00 3.00 400 5.00 6.00
Time (s)
Equipment First Double Second Double Number of Damping Ratio
Amplitude Amplitude intermediate 1 | Al
Al (g) A2 (g) cycles, p g‘% "2
A 0.2950 0.2518 6 0.0042
B 0.7156 0.5526 10 0.0041

Mean Damping Ratio
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TEST RB-70 (FIRST MODE)
EQUIPMENT COMBINATION 1
SPRING 30-2022

Acceleration Equipment A

0.30
g o 01{575 T
JA n al A Py :
2 010
IO T AN AW AN ARAVANIAY
S R R WIAW) JRY/A
2 . \V/ 7 A\ \v% 7
:g_;zg -0.1555 -0.1123
200 250 300 _ 350 400 450 5.00
Time (s)
030 Acceleration Equipment B
-~ 0.1530 0.1391
%" 0.20 A
.g 010 \o~ n Fa\ ~ n N
) MV MV ATV VAVZAW
# o Y VUV
< -0.0364
'g'ig -0.1211
2.00 2.50 3.00 T u:’ng(%) 4.00 4.50 5.00
S
Equipment First Double Second Double Number of Damping Ratio
Amplitude Amplitude intermediate 1 1 Al
Al (g) A2 (g) cycles,p | ¢ =220 12
A 0.3131 0.2129 6 0.0102
B 0.2741 0.1755 6. 0.0118
Mean Damping Ratio 0.0110
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TEST RB-70B (SECOND MODE)
EQUIPMENT COMBINATION 1
SPRING 30-2022

Acceleration Equipment A

0.06
@ 004 00279
E oo NN 0.0117
2 oo LA N AN A AN AN AN AA
T o MYV YVVYYVIEVIV -
S 0oy -0,0046
-0.04 :
-0.06
2.00 2.50 300 L350 400 4.50 5.00
- Time (s)
0.15 Acceleration Equipment B
S 0100072
‘;o':’ 0‘0_ ' 0.0226
S 005 A
e oo T A Al A A s,
Aol RTRTATAVAVIVAVAVAVAA'A'AY
8 -005 Vv
2 A -0.0164
:g:(s) -0.082(
2.00 2.50 300 _.350 400 4.50 5.00
Time (s)
Equipment First Double | Second Double Number of Damping Ratio
Amplitude Amplitude intermediate 1 I Al
Al (9) A2 (g) oycles,p | =55 ™42
A 0.0512 0.0163 13 0.0140
B 0.1792 0.0390 13 0.0187
0.0164

Mean Damping Ratio
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TEST RB-77

EQUIPMENT COMBINATION 1

BUS SLIDER
N g:;-(s) 0-1427Accelemtion Equipment A
< 0 Al A In_ A o 0.0961
R WO A N A I AR A
O B A AT A
B 005 4—f—\ 1\ WA A A/
el WY/ BV /ERVARY; VALY
< o1s UV VTV -0.0839
- -0.1358
-0.20
2.00 2.50 300 _.3.50 4.00 4.50 5.00
Time (s)
0.20 01403Acceleration Equipment B
f-:—“ 8:(5) Nl A~ - 0.0929
R A A A | N AV A
E o T
T 005 AL\ \ 1V ] [ A\ V]
b W V) W VA L A VALY AV
opdY V¥ VI " -0.0964
020 [0.1342
200 2.50 300 _ 350 4.00 4.50 5.00
Time (s)
Equipment First Double | Second Double Number of - | Damping Ratio
Amplitude Amplitude intermediate 1 | Al
Al (g) A2 (g) cycles, p "2\ A2
A 0.2785 0.1800 6 0.0116
B 0.2745 0.1893 6, 0.0099
Mean Damping Ratio 0.0108
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TEST RB-84 (FIRST MODE)
EQUIPMENT COMBINATION 1
BPA ISOLATOR

Acceleration Equipment A

]

— 0305 0m 0.1586
& 020 =
E ooodd S ATATFATS AT
C I A\ ALY AR VT AN A
B -0.2004 -0.1539
-0.30 :
2.00 250 300 _ 350 400 450 500
Time (s) .
0,06 Acceleration Equipment B
8 oo 222 :
£ 002 -—A+A+A ‘ o
e N ANANN AN AN
2 omdl L NL NS AN/ N
v Ny
e 0.0397 -0.0229
-0.06
200 2.50 300 350 400 450 500
Time (s)
Equipment First Double Second Double Number of Damping Ratio
Amplitude” Amplitude intermediate 1 | Al
Al () A2 (g) eycles,p | €= 2 "\ 12
A 0.4023 0.3119 5 0.0081
‘B 0.0691 0.0437 5. 0.0146
Mean Damping Ratio 0.0114
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TEST RB-84B (SECOND MODE)
EQUIPMENT COMBINATION 1
BPA ISOLATOR

Acceleration Equipment A

0010
@ (hooaz /\ 0.0045
£ 0.005 A
E I T A Al
g 0.005 ! \,\ V VV \/‘)
e 4 -0.0049 -0.0049
-0.010
2.00 250 3.00 _350 4.00 4.50 5.00
Time (s)
Acceleration Equipment B
= gﬁ 0.0393
‘g’ 0'02 . 0.0180
- AR A A R
SN IWAVAVAVAVAVAYANAYI AL
o . V VT R
< \/ 0.0144
004 15 0383
-0.06
2.00 2.50 3.00 _.3.50 4.00 4.50 5.00
Time (s)
Equipment First Double | Second Double Number of Damping Ratio
Amplitude Amplitude intermediate 1 I Al
Al (g) A2 (g) cycles,p | ¢ =510 5
A 0.0131 0.0094 5 0.0106
B 0.0776 0.0324 5. 0.0278
Mean Damping Ratio 0.0192
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TEST RB-97

EQUIPMENT COMBINATION 2
SPRING 30-2022

Acceleration Equipment A

0.30

8 00 0.1607
AN AWAWAWANAWAW
VRV AVIAVEVAVEV/RY
g NV (VA RRVAR A A B
-0.20 107553 -0.1248
-0.30 .
2.00 2.50 300 _.350 4.00 4.50 5.00
Time (s)
0.15 Acceleration Equipment B
~ 0.0780
<z 0.10 : 00603
A NANAW \WAWANTAWAW,
T RVAVILVE VAVERVIAV.
2 VYT Y Y |-0.0603
-0.10 155750
-0.15
2.00 2.50 300 _ 350 400 4.50 5.00
Time (s)
Equipment First Double | Second Double Number of Damping Ratio
Amplitude Amplitude intermediate 1 | Al
Al (g) A2(2) cycles,p | ¢ =25 " a2
A 0.3200 0.2531 6 0.0062
B 0.1530 0.1206 6 0.0063
Mean Damping Ratio 0.0063
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TEST RB-108
EQUIPMENT COMBINATION 2

BUS SLIDER
Acceleration Equipment A
= gg 0.4501 .
T 040 i 0.2865
E oo ATV IV VTN IV JNTTN
Y AW AR\ W AR WAL/ AW ARV ARV AR
8 gt M N \/TV 'V VITv—y—v
< _'g‘gg v -0.2634
-0:80 -0.4584
2.00 2.50 300 350 400 450 5.00
Time (s)
Acceleration Equipment B
- O Toms
= 0404 . 0.2804
IS WA AW AWATV AW \WAYFAW/
3 ox Iy
< -gg VY U618
-0:80 -0.4577
2.00 2.50 3.00 _3.50 4.00 4.50 5.00
Time (s)
Equipment First Double | Second Double Number of Damping Ratio
Amplitude Amplitude intermediate 1 I Al
Al () A2 (g) cycles,p | ¢ =251 g
A 0.9085 0.5499 7 0.0114
B 0.9106 0.5422 7. 0.0118
Mean Damping Ratio 0.0116
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TEST RB-117
EQUIPMENT COMBINATION 5

BPA ISOLATOR
0.15 Acccleration Equipment A
B 0'10 0.1191 ) J 0.0870
Fo VW A N A
= S U N 4T
AW AW AW\ EW Y,
L S RVARVARVARVAAVALY
015 -0.1966 -0.0812
2.00 2.50 300 _.350 400 450 5.00
Time (s)
Acceleration Equipment B
= 0.02 0.0130 0.0117
N A
R A W W A A
B A\ ’
L 0.00 I/ G
8o [\ VTV YV
-0.0156 -0.0051
-0.02
2.00 2.50 300 _350 400 4.50 5.00
ime (s)
Equipment First Double | Second Double Number of Damping Ratio
Amplitude Amplitude intermediate 1 i Al
Al (2) A2 (@) cycles,p | ¢ T 42
A 0.2357 0.1682 5 0.0107
B 0.0286 0.0168 4 0.0212
Mean Damping Ratio 0.0160
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TEST RB-131 AND TEST RB 132
ADDITIONAL TESTS EQUIPMENT COMBINATION 5

INDIVIDUAL EQUIPMENT
0.60 Acceleration Equipment A
— 0.3742
<040 02991
5 020 A A A In A In n
S AWAWAWAWAWAWAWA!
e VLY LY EVEVAY YA
g0 LU ANNV/ I A ¥/ I A I
-0.40 09133 ~0.245
-0.60 -
2.00 3.00 .4.00 5.00 6.00
Time (s)
Acceleration Equipment B
= 1.50 1.0601 ’
- 100 ~ 0.4802
g 0.50 -+ i hm ] n n
E o000 ‘
oo TG i
<
-100 17 oe2s -0.4512
-1.50
2.00 3.00 4.00 5.00 6.00
Time (s)
Equipment First Double Second Double Number of Damping Ratio
Amplitude Amplitude intermediate 1 l Al
Al (g) A2 (g) oycles,p | ¢ =51
A 0.6875 0.5490 7 0.0051
B 2.1426 0.9314 45 0.0029

Mean Damping Ratio
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TEST RB-134 (FIRST MODE)
ADDITIONAL TESTS EQUIPMENT COMBINATION 5
SPRING 30-2022

Acceleration Equipment A

= 020 757312
~ N n .
g 0o \ /\/\ /\ 0.0407
E om J\ [\ /\ \//\VA
g - l\/ /\/\/\/V -0.0365
£ 010V
020 -0.1281
2.00 3.00 .4.00 5.00 6.00
Time (s)
0,02 Acceleration Equipment B
& 001 40007 _ ,
& v \ - 0003 - |
;E: Om r/\ A\I h A Av,\'\ N [ o O Av
U NIV T VY
< -001 0.0073 v -0.0075 ‘
-0.02
2.00 3.00 400 5.00 6.00
Time (s)
- Equipment First Double | Second Double Number of Damping Ratio
s Amplitude Amplitude intermediate 1 | Al
Al (9) A2 (g) cycles,p | ¢ =55 "\ 22
A 0.2593 0.0772 7 0.0275
B 0.0144 0.0101 6, 0.0094
Mean Damping Ratio 0.0185
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TEST RB-135 (SECOND MODE)
ADDITIONAL TESTS EQUIPMENT COMBINATION 5

SPRING 30-2022
Acceleration Equipment A
= 020 757107
E 0.10 h—n b 0458 |
f WV UAAAIA A AA
TV U YY WV V9V v
< -010 -0.0410
020 -0.0933
200 2.50 300 _ 350 400 4.50 500
Time (s)
0,08 Acceleration Equipment B
= 8$ 00708 0:0206
§ 0% T
eIVl VTN
B 002 HAY [ {}vl JLIRTAY H‘IVV JU
< 004 —0.02751
0,06 J-0.024
-0.08
2.00 2.50 .3.00 3.50 400
Time (s)
Equipment First Double | Second Double Number of Damping Ratio
Amplitude Amplitude intermediate 1 | Al
Al (g) A2 (g) cyles,p | ¢ =3 2
A 0.2035 0.0868 7 0.0193
B 0.0655 0.0483 17 0.0285
Mean Damping Ratio 0.0239
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- TEST RB-143

ADDITIONAL TESTS EQUIPMENT COMBINATION S

BUS SLIDER

Acce]eration Equipment A

0.20

? olo \ N 0.0895
% ool U\ IR AR
7 oo LAV VUM VY
090 L0138 0087
2.00 3.00 Time (5) 4. 5.00
Acceleration Equipment B
? (0)?2 TErS (:CCACI’ZTIOAH | lilpmﬂ | —
£ o LA AR A LA
L Ty
020 -0.1279 -0.0928
200 3.00 Time () 4.00 5.00
Equipment First Double | Second Double Number of Dampmg Ratio
Amplitude Amplitude intermediate Al
Al (g) A2 (g) cydles.p | ¢~ 2 l"(Az)
A 0.2855 0.1770 - 16 0.0048
B 0.2647 0.1661 16 0.0046
Mean Damping Ratio 0.0047
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TEST RB-150
ADDITIONAL TESTS EQUIPMENT COMBINATION 5

BPA ISOLATOR
0.40 Acceleration Equipment A
cll 0.2565 02349
e 020 A A A
N EAANAWAAWA
£ o
N YRVAVAY \/ \
el AV} \v} V] Y]
040 102716
2.00 3.00 Time (5) 4.00 5.00
004 Acceleration Equipment B
= |oo2s
£ 0.02 T A 00142
e Ll ML hnd b
3 ]W W Y V"WVV“
< 00
-0. L 200132
0.04 .0212
2.00 300 . 5.00
Time (s)
Equipment First Double Second Dauble Number of Damping Ratio
Amplitude Amplitude intermediate 1 Al
Al (g) A2 (g) cycles,p | ¢ =25 " a2
A 0.5281 0.4683 5 0.0038
B 0.0438 0.0274 22 0.0034
Mean Damping Ratio 0.0036
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APPENDIX E

RESULTS OF SEISMIC TESTS



Displacement (in Displacement (in Acceleration (g)

Displacement (in

TEST RB-6
EQUIPMENT COMBINATION 4, SPRING 30-2022
NEWHALL GROUND MOTION, 30% SPAN

Shake Table Absolute Acceleration

030 Max=02lg
020 Min=-025¢
0.10 4

0.00 -
<0.10 -
-0.20
-0.30

0 5 10_, 15 20 25
Time (s)
Equipment A Relative Displacement
15 Max=1.046in

Min =-0.99in

0.6

10_, 15
Time (s)

Equipment B Relative Displacement

04 4
02 4
00
0.2
-0.4 1

Max=0.54in
Min=-0.55in

-0.6

20

[
wn

0. 15
Time (s)

Equipment A-B Relative Displacement

Max=0.50in
Min =-0.51in

Force (Ibs)

E2

Force (Ibs)

Acceleration (g)

Acceleration (g)

Microstrain

Equipment A Absolute Acceleration

20
Max=160g
10 - Min=-149g
0.0 -
-1.0 4
2.0
0 5 10_ 15 20 25
Time (s)
Equipment B Absolute Acceleration
10 Max=080g
0.5 4 Min=-075g
0.0 -
-0.5 1
-1.0
0 5 10_. 15 20 25
Tinxe (s)
Longitudinal Force in Connector
100 Max=941bs
50 Min =-891bs
0 o
-50 -
-100
0 s 10_. 15 20 25
Time (s)
Connector Hysteresis Loops
-0.6 04 02, 00 02 04 06
Displacement (in)
600 Strain in Spring Connector
Max= 502 mstr
400 4 Min =- 535 mstr
200 4
0 -
-200 1
-400 +
-600

<

20



Acceleration (g)

TEST RB-7
EQUIPMENT COMBINATION 4, SPRING 30-2022
NEWHALL GROUND MOTION, 100% SPAN

Equipment A Absolute Acceleration

Shake Table Absolute Acceleration

Max=0.58¢
Min=-064g

10 15
Time (s)

Equipment A Relative Displacement

Displacement (in

Max=2.63in
Min=-280in

10, 15
Tink (s)

Equipment B Relative Displacement

Displacement (in

)
=

-1.0 1

Max=149in
Min=-140in

(=

5 20

10_. 15
Time (s)

—
W

1.0 1

E o o
w O W
i1 1

Displacement (in

-1.0 4

Equipment A-B Relative Displacement
: Max=1231n

Min=-1311in

-1.5

E3

Force (Ibs) Force (Ibs) ‘Acceleration (g) Acceleration (g)

Microstrain

0 5 10_ 15 20 25
Time (s)
Equipment B Absolute Acceleration
3’0 Max=207g
201 Min=-2.19g

0 5 20

loTim: (5)15

Longitudinal Force in Connector

Max=2241bs
Min =-209 Ibs

10 15
Time (s)

Connector Hysteresis Loops
QT

-1.5 -1.0 -0.5. 0.0 .05 10 1.5
Displacement (in)
Strain in Spring Connector
2000 Max= 108Tmsir
1000 - Min =- 1782 mstr
0 11 T
-1000 4
-2000
0 5 20 25



TEST RB-8
EQUIPMENT COMBINATION 4, SPRING 30-2022
TABAS GROUND MOTION, 25% SPAN

Shake Table Absolute Acceleration

Equipment A Absolute Acceleration

030
— Max=023g 20 —
& 020 4 Min=-025g C xf“ lisjsg
] in=-1.
S 0101 £ 10 g
5 000 § 00
8 010 .
o VIV o
-1.0 1
< -0.20 4 <
-0.30 2.0
2 0 10 20 30 40
0 10 Tt (s) 30 40 Tirfe (s)
Equipment A Relative Displacement i Equipment B Absolute Acceleration
- 10 Max=0921in 10 —
T 05 Min =-0.86in = Max=075¢
g . E 051 Min=-074g
g 5 00+
E- (%]
5 2 05
-1.0
0 10 . 20 30 40 0 10 20 30 40
Tune (s) Time (s)
06 Equipment BB Relative Displacement 100 Longitudinal Force in Connector
e Max=047m Max=93 Ibs
S 04+ Min=-045in — Min =-91 Ibs
E 021 £
g 00 ]
— o
5 -0.2 e
a -04 -
-0.6
ed
0 10 TilT-Lp(S) 30 40 0 10 Tingl.(:)(s) 30 40
i 06 -_Equipm:nLAdiMnﬁvc.Displaccuﬁrmm_ Connector I%atcrcsis loops :
< 04 1 Min =-046in i
S e I~ L P a1, 7 T S
g0 e
g 001
2 .02 2
a oad 1Y e 50
-0.6 166
0 10 < 30 40 06 04 02, 00 02 04 06
Fime (s) ’ ’ "Displacement (in) " ’ ’
600 Strain in Spring Connector
Max= 523 mstr
c 400 Min =-46] nmstr
;E 200
£ 01
= 12200 -
400
-600
0 10 30 40

Tinzv? (s)
E4



0.50
030
0.10
-0.10
-0.30
-0.50

Acceleration (g)

TEST RB-9
EQUIPMENT COMBINATION 4, SPRING 30-2022
TABAS GROUND MOTION, 50% SPAN

Shake Table Absolute Acccleration

Max=048g
Min=-039g

0 10 30 40

20
Time (s)

Equipment A Relative Displacement

Displacement (in

Max=197in
Min =-1.86in

0 10 20 30 40
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Y 10

Displacement (in

.20 40
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20
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Equipment A Absolute Acceleration
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40

Acceleration (g)
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2.0 1
4.0
0 10 .20 30 40
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Equipment B Absolute Acceleration
"
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Min=-151g
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-1.0 1
-2.0
0 10 .20 30 40
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Longitudinal Force in Connector
300 Max=217Tbs
o 2007 Min =-2131 Ibs
<
=
8
R
0 10 .20 30 40
Time (s)
Connector Hysteresis Loops
300
—_ 200
w
é }m .................
[*]
e
(=]
(29
ye _ 200"
L300
-1.5 -1.0 0.5 00 05 10 1.5
Displacement (in)
Strain in Spring Connector
1500 Max= 1104 mstr
£ 10007 Min =-1110 nstr
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g 0
= -500 -
-1000 4
-1500
0




TEST RB-15
EQUIPMENT COMBINATION 4, BUS SLIDER
NEWHALL GROUND MOTION, 100% SPAN
Shake Table Absolute Acceleration Equipment A Absolute Acceleration

= 828 i Max=0.58¢g ) ;g Max=2.11g
£ 040 Min =-062¢g = 2 Min =282
5 0204 £ 1.0
5 000 & 00
g 020+ g .10+
< -0.40 1 <
-0.60 -2.0
-0.80 -3.0
0 5 10_ 15 20 25 0 5 10_. 15 20 25
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Equipment A Relative Displacement Equipment B Absolute Acceleration
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£ E
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TEST RB-17
EQUIPMENT COMBINATION 4, BUS SLIDER
TABAS GROUND MOTION, 50% SPAN

Shake Tablc Absolute Acceleration

0.50

= Max=045g
< 030 Min =-040¢
[=}
i 0.10 4
2
g -0.10 -
Q
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Displacement (in Acceleration (g)

Displacement (in

Displacement (in

TEST RB-18
EQUIPMENT COMBINATION 4, BUS SLIDER
TABAS GROUND MOTION, 200% SPAN
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Displacement (in Displacement (in Acceleration (g)

Displacement (in
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TEST RB-24
EQUIPMENT COMBINATION 4, BPA ISOLATOR
NEWHALL GROUND MOTION, 30% SPAN

Shake Table Absolutc Acceleration
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Displacement (in Displacement (in Acceleration (g)

Displacement (in

TEST RB-26
EQUIPMENT COMBINATION 4, BPA ISOLATOR
TABAS GROUND MOTION, 25% SPAN

Shake Table Absolute Acceleration
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Displacement (in Displacement (in Acceleration (g)

Displacement (in

030

TEST RB-28

EQUIPMENT COMBINATION 4, INDIVIDUAL EQUIPMENT
NEWHALL GROUND MOTION, 30% SPAN

Equipment A Absolute Acceleration

Shake Table Absolute Acceleration
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Displacement (in Acceleration (g)

Displacement (in

Displacement (in

TEST RB-29
EQUIPMENT COMBINATION 4, INDIVIDUAL EQUIPMENT
NEWHALL GROUND MOTION, 100% SPAN

Shake Table Absolute Acccleration
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TEST RB-30
EQUIPMENT COMBINATION 4, INDIVIDUAL EQUIPMENT
TABAS GROUND MOTION, 25% SPAN

Shake Tablc Absolute Acceleration

030
@ Max=024g
e Min=-024¢g
2
E
2
Q
]
<
0 10 .20 30 40
Time (s)
Equipment A Relative Displacement
£ 3’0 Max=294in
= 297 fin =:2.90in
F I
E 00' '|x Ill ll l I |l'||‘| \{ l w II ||
EnT e
8 20
-3.0
0 10 .20 30 40
Time (s)
06 Equipment B Relative Displacement
= Max=049 in
< 04 4 Min =-046in
2 024
E
g 00
& 0.2 1
B 04
-0.6
0 10 .20 30 40
Tine (s)
Equipment A-B Relative Displacement
= 30 Max=29in
S 20 A .
= =-2.94 in
g 1.0 4 'l ll
3 0.0 - _.v...lll'll l |1II|||'
g v ! ll“” \ “ 1]! I[ ‘|lln|| v
S -1.0
8 20-
-3.0 -
0 10 20 30 40

Time (s)

EI3

'Acceleration (g)

Acceleration (g)

Equipment A Absolute Acceleration

15
1.0 4
0.5 -
0.0 -
0.5 -
-1.0 4
-1.5 4

Max=1 1ig

2.0

0 10 .20 30 40

1.5

Time (s)

Equipment B Absolute Acceleration

1.0
0.5 4
0.0 -
0.5 1
-1.0 1

Max=1.13¢g
Min=-120g

-1.5

0 10 .20 30 40

Time (s)




Displacement (in Displacemcm (in Acceleration (g)

Displacement (in

TEST RB-31
EQUIPMENT COMBINATION 4, INDIVIDUAL EQUIPMENT
TABAS GROUND MOTION, 50% SPAN

Shake Table Absolute Acceleration
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TEST RB-38
EQUIPMENT COMBINATION 3, SPRING 30-2022
NEWHALL GROUND MOTION, 30% SPAN
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Displacement (in Bisplacement (in Acceleration (g)

Displacement (in

TEST RB-39
EQUIPMENT COMBINATION 3, SPRING 30-2022
NEWHALL GROUND MOTION, 100% SPAN

Shake Table Absolute Acceleration
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Acceleration (g)

TEST RB-40
EQUIPMENT COMBINATION 3, SPRING 30-2022
TABAS GROUND MOTION, 25% SPAN

Shake Table Absolute Acceleration
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TEST RB-41
EQUIPMENT COMBINATION 3, SPRING 30-2022
TABAS GROUND MOTION, 50% SPAN

Shake Table Absolute Acceleration
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TEST RB-47
EQUIPMENT COMBINATION 3, BUS SLIDER
NEWHALL GROUND MOTION, 100% SPAN

Shake Table Absolute Acccleration
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Displacement (in Displacement (in- Acccleration (g)

Displacement (in

TEST RB-100
EQUIPMENT COMBINATION 2, SPRING 30-2022
TABAS GROUND MOTION, 50% SPAN
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Displacement (in Displacement (in Acceleration (g)

Displacement (in

TEST RB-101
EQUIPMENT COMBINATION 2, SPRING 30-2022
NEWHALL GROUND MOTION, 100% SPAN

Shake Table Absolute Acceleration
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Displacement (in Displacement (in Acceleration (g)

Displacement (in

Shake Table Absolute Acccleration

TEST RB-102
EQUIPMENT COMBINATION 2, SPRING 30-2022
TABAS GROUND MOTION, 100% SPAN
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Displacement (in Displacement (in Accelenation (g)

Displacement (in

TEST RB-103
EQUIPMENT COMBINATION 2, SPRING 30-2022
TABAS GROUND MOTION, 150% SPAN

Shake Table Absolute Acceleration
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Displacement (in Displacement (in Acceleration (g)

Displacement (in

TEST RB-109
EQUIPMENT COMBINATION 2, BUS SLIDER
NEWHALL GROUND MOTION, 30% SPAN
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Displacement (in Displacement (in Acceleration (g)

Displacement (in

Shake Table Absolute Acceleration

TEST RB-110
EQUIPMENT COMBINATION 2, BUS SLIDER
TABAS GROUND MOTION, 25% SPAN
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Displacement (in Displacement (in Acceleration (g)

Displacement (in

TEST RB-111
EQUIPMENT COMBINATION 2, BUS SLIDER
TABAS GROUND MOTION, 50% SPAN

Shake Table Absolute Acceleration
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Displacement (in Displacement (in Acceleration (g)

Displacement (in

TEST RB-112
EQUIPMENT COMBINATION 2, BUS SLIDER
NEWHALL GROUND MOTION, 100% SPAN

Shake Table Absolute Acceleration
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Displacement (in Displacement (in Acceleration (g)

Displacement (in

TEST RB-118
EQUIPMENT COMBINATION 2, BPA ISOLATOR
NEWHALL GROUND MOTION, 30% SPAN

Shake Table Absolute Acceleration

Max=023¢g
Min=-022¢g

0.10 -

0.00

-0.10 1

-0.20 4

-0.30

0 5 10_. 15 20 25
Time (s)
Equipment A Relative Displacement

20 Max=1.83in

Min =-1.88in

0.0 1
-1.0 -
2.0
0 5 10, . 15 20 25
T (s)
Equipment B Relative Displacement
0. -
2 Max=045in
04 1 Min =-043in
0.2 4
0.0
0.2 1
04
-0.6
0 5 10_, 15 20 25
Time (s)
Equipment A-I3 Relative Displacement
"
20 Max- 1.67in
10 A Min =-185in
0.0 -+
V
-1.0 4
2.0
0 5 20 25

10 15
Time (s)

E4

Acceleration (g)

Accelenation (g)

Force (Ibs)

Force (Ibs)

10

Equipment A Absolute Acceleration

Max=08lg
Min=-08lg

10 15 20
Time (s)

Equipment B Absolute Acceleration

Max=0.73¢g
Min=-0.70g

s 20

10 15
Time (s)

Longitudinal Force in Connector

Max=721bs

10_. 15 20
Time (s)

10

. 0.0
Displacement (in)



Displacement (in Displacement (in Acceleration (g)

Displacement (in

TEST RB-119
EQUIPMENT COMBINATION 2, BPA ISOLATOR
TABAS GROUND MOTION, 25% SPAN

Shake Table Absolute Acceleration
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TEST RB-120
EQUIPMENT COMBINATION 2, BPA ISOLATOR
TABAS GROUND MOTION, 50% SPAN
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Displacement (in Acceleration ()

Displacement (in

Displacement (in

TEST RB-121
EQUIPMENT COMBINATION 2, BPA ISOLATOR
NEWHALL GROUND MOTION, 100% SPAN

Shake Table Absolute Acceleration
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Disalacement (in Cisplacement (in Acceleration (g)

Displacement (in

TEST RB-122
EQUIPMENT COMBINATION 2, BPA ISOLATOR
TABAS GROUND MOTION, 75% SPAN

Shake Table Absolute Acceleration
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Acceleration (g)

Displacement (in

Displacement (in

Displacement (in

TEST RB-123
EQUIPMENT COMBINATION 2, BPA ISOLATOR
TABAS GROUND MOTION, 100% SPAN

Shake Table Absolute Acccleration
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Displacement (in Acceleration (g)

Displacement (in

Displacement (in

TEST RB-124

EQUIPMENT COMBINATION 2, INDIVIDUAL EQUIPMENT
NEWHALL GROUND MOTION, 30% SPAN
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Displacement (in Displacement (in Acceleration (g)

Displacement (in

” Max=025¢
0.20 7 Min=-020¢
0.10 4
0.00 4

-0.10 1
.20 1 ,
-0.30 e -
0 10 .20 30 40
Time (s)
Equipment A Relative Displacement
3 -
70 - Max=186in
201 Min =-2.06in
1.0 1 ‘
0.0
-1.0 4
2.0
3.0
0 10 .20 30 40
Time (s)
Equipment BB Relative Displacement

0.

6 Max=046in

Min =-036in

TEST RB-125
EQUIPMENT COMBINATION 2, INDIVIDUAL EQUIPMENT
TABAS GROUND MOTION, 25% SPAN

Shake Table Absolute Acccleration
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Acceleration (g)

Displacement (in

Displacement (in

Displacement (in

TEST RB-126
EQUIPMENT COMBINATION 2, INDIVIDUAL EQUIPMENT
TABAS GROUND MOTION, 50% SPAN

Shake Tablc Absolute Acceleration
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Displacement (in Displacement (in Acceleration (g)

Displacement (in

TEST RB-127
EQUIPMENT COMBINATION 2, INDIVIDUAL EQUIPMENT
NEWHALL GROUND MOTION, 100% SPAN

Shake Table Absolute Acccleration
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Displacement (in Displacement (in Acceleration (g)

Displacement (in

TEST RB-136
EQUIPMENT COMBINATION 5, SPRING 30-2022
NEWHALL GROUND MOTION, 30% SPAN
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Displacement (in Displacement (in Acceleration (g)

Displacement (in

TEST RB-137
EQUIPMENT COMBINATION 5§, SPRING 30-2022
TABAS GROUND MOTION, 25% SPAN
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Displacement (in Displacement (in Acceleration (g)

Displacement (in

TEST RB-138
EQUIPMENT COMBINATION 5, SPRING 30-2022
TABAS GROUND MOTION, 50% SPAN

Shake Table Absolute Acceleration
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Accelcration (g)

Displacement (ir’

Displacement (in

Displacement (in

TEST RB-139
EQUIPMENT COMBINATION §, SPRING 30-2022
NEWHALL GROUND MOTION, 100% SPAN

Shake Table Absolute Acceleration
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Displacement (in Displacement (in Acceleration (g)

Displacement (in

TEST RB-140
EQUIPMENT COMBINATION 5, SPRING 30-2022
TABAS GROUND MOTION, 100% SPAN
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Displacement (in Displacement (in Acceleration (g)

Displacement (in

TEST RB-141
EQUIPMENT COMBINATION 5, SPRING 30-2022
TABAS GROUND MOTION, 150% SPAN

Shake Table Absolute Acccleration
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Displacement (in Displacement (in Acceleration (g)

Displacement (in

TEST RB-144
EQUIPMENT COMBINATION §, BUS SLIDER
NEWHALL GROUND MOTION, 30% SPAN

Shake Table Absolute Acceleration
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Displacement (in Displacement (in Acceleration (g)

Displacement (in

TEST RB-145
EQUIPMENT COMBINATION §, BUS SLIDER
TABAS GROUND MOTION, 25% SPAN

Shake Table Absolute Acceleration
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Displacement (in Displacement (in Acceleration (g)

Displacement (in

TEST RB-146
EQUIPMENT COMBINATION §, BUS SLIDER
TABAS GROUND MOTION, 50% SPAN

Shake Table Absolute Acceleration
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Displacement (in Displacement (in Acceleration (g)

Displacement (in

TEST RB-147
EQUIPMENT COMBINATION 5, BUS SLIDER
NEWHALL GROUND MOTION, 100% SPAN

Equipment A Absolute Acceleration

Shake Table Absolute Acccleration
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Displacement (in Displacement (in Acceleration (g)

Displacement (in

‘TEST RB-148
EQUIPMENT COMBINATION 5, BUS SLIDER
TABAS GROUND MOTION, 100% SPAN

Shake Table Absolute Acccleration Equipment A Absolute Acceleration
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Displacement (in Displacement (in Accelenation (g)

Displacement (in

‘TEST RB-152
EQUIPMENT COMBINATION 5, BPA ISOLATOR
NEWHALL GROUND MOTION, 30% SPAN

Shake Table Absolute Acceleration
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TEST RB-153
EQUIPMENT COMBINATION S, BPA ISOLATOR
TABAS GROUND MOTION, 25% SPAN

Shake Table Absolute Acceleration
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Displacement (in Acccleration (g)

Displacement (in

Displacement (in

TEST RB-154
EQUIPMENT COMBINATION S, BPA ISOLATOR
TABAS GROUND MOTION, 50% SPAN

Shake Table Absolute Acceleration
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Displacement (in Displacement (in Acceleration (g)

Displacement (in

TEST RB-155
EQUIPMENT COMBINATION 5, BPA ISOLATOR
NEWHALL GROUND MOTION, 100% SPAN

Shake Table Absolute Acceleration Equipment A Absolute Acceleration
080 Max=0.58¢ >
0.40 - Min=-061g ‘g
0.00 - ._.5
g
-0.40 4 <
-0.80
0 5 10_. 15 20 25 0 5 10_. 15 20 25
Time (s) Time (s)
Equipment A Relative Displacement Equipment B Absolute Acceleration
0 T
,:’0 Max=5.56in = 10 Max=101¢g
T Min =-591in b in=
20 5 0.5 Min=-094g
00 - 5 o0-
20 4 8
40 - < 051
-6.0 -1.0
0 5 10_. 15 20 25 2
Time (¢) 0 S mTim: (S)IS 20 25
Equipment B Relative Displacement Longitudinal Force in Connector
03 - 150
02 Max=025in Max=121bs
-~ Min =-024in % ibi1.- 821b
£
<
]
8

0

w

20 25 0 5 20 235

10 15
Time (s)

10, 15
Time (s)

Equipment A-B Relative Displacement

Conncctor Hysteresis Loops

60 M 150
40 - Max=5.51in 150 -

' Min =-581in —_
2.0 - 3

<=
0.0 4 s
-2.0 A E
4.0 4
-6.0 150
0 5 10 15 20 25
Time (s) -6.0 4.0 -20 0.0 20 40 60

Displacement (in)

EG7



Displacement (in Displacement (in Acceleration (g)

Displacement (in

TEST RB-156
EQUIPMENT COMBINATION 5, BPA ISOLATOR
TABAS GROUND MOTION, 100% SPAN

Shake Table Absolute Acceleration
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Displacement (in Displacement (in Acceleration (g)

Displacement (in

TEST RB-158
EQUIPMENT COMBINATION 5, INDIVIDUAL EQUIPMENT
NEWHALL GROUND MOTION, 30% SPAN

Shake Tablec Absolute Acceleration
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‘Displacement (in Displacement (in Acceleration (g)

Displacement (in

TEST RB-159
EQUIPMENT COMBINATION 5, INDIVIDUAL EQUIPMENT
TABAS GROUND MOTION, 25% SPAN

Shake Table Absolute Acccleration
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Displacement (in Acceleration (g)

Displacement (in

Displacement (in

TEST RB-160
EQUIPMENT COMBINATION §, INDIVIDUAL EQUIPMENT
TABAS GROUND MOTION, 50% SPAN

Shake Table Absolute Acceleration
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Acceleration (g)

Displacement (in

Displacement (in

Displacement (in

TEST RB-161
EQUIPMENT COMBINATION 5, INDIVIDUAL EQUIPMENT
NEWHALL GROUND MOTION, 100% SPAN

Shake Table Absolute Acceleration
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